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ABSTRACT 
In this project the basic mechanism of resistance of 
reinforced concrete beams subjected to flexure and shear has 
been investigatedo From an examination of the equilibrium 
conditions for the shear span of a beam it was shown that 
shear can be resisted in two different ways, namely by beam 
action and by arch action6 v.fith beam action bond forces are 
induced in the shear span and these act on the concrete blocks 
lying between the flexural cracks so that bending moments are 
induced in the blockso There are three possible ways in which 
such moments may be resisted ~ namely~ by the -flexural resist ... 
ance of the concrete between the cracks~ by shear trans fer 
across the cracks due to aggregate interlock and dowel actions , 
and by truss action which depends on the inclusion of shear 
reinforcement in the beam~ 
To investigate the different actions eight rectangular 
beams were tested , and tests were made on numerous small 
concrete specimens. In the small scale tests fundamental 
aspects of aggregate interlock and dowel action were examined , 
and in several of the beam tests the proportions of t he shear 
resisted by individual actions were determinedo The other 
beams were tested to observe the way in which deformat i ons 
developed in the shear span , and the way the cracks openedo 
It was found that prior to diagonal cracking of the 
shear span beam action predominates, and only a very small 
component of the shear may be resisted by arch actiono In 
beams with small a/d ratios arch action may develop after 
diagonal cracking of the span , but in beams with higher a/d 
ratios the occurrence of this action may lead to immediate 
failure of the beam. In typical rectangular beams without 
web reinforcement it was found that the bond force moment 
acting on the concrete blocks between the flexural cracks 
could be resisted in approximately the following proportions; 
(i) 20 per cent by the flexural resist ance of the 
concrete , 
(ii) 60 per cent or more by aggregate interlock 
action , and 
(iii) 20 per cent or less by dowel action of the 
reinforcement. 
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NQI.ATION 
a = length of shear span (distance between support point or 
point of contra- flexure and load point) 
( v ~ vt ) AI = arching index ~n~--~ 
A 
s 
b 
b ' 
= area of flexural tension reinforcement 
= area of web reinforcement within a distance "s" 
measured in a direction parallel to the longitudinal 
reinforcement 
= width of the web of a beam 
= width of concrete at the level of the reinforcement 
= bond force per unit length of beam 
b e = f bond force per unit length of beam resisted by flexural stresses at the base of the concrete cantilever 
Bf = 
Bv = 
c = 
c = 
cd = 
= 
bond force acting on a concrete cantilever 
the bond force acting on a concrete cantilever which is 
resisted by trus action 
width of crack measured at right angles to direction of 
crack 
flexural compression force 
inclined axial compression force in concrete cantilever 
due to action of web reinforcement 
depth of concrete cover measured from centroid of 
reinforcement 
c v = 
0 
depth of concrete cover measured from surface of 
reinforcement 
d 
D 
= effective depth of beam, the distance between the 
centroid of the longitudinal tension reinforcement and 
the extreme compression fibre of the beam. 
= diameter of a reinforcing bar 
= shear force transmitted across a crack by dowel action 
of the flexural reinforcement 
v 
e 
s 
e 
c 
E 
E 
c 
f cu 
f 
r 
f 
s 
ft 
ft I 
f v 
f y 
F( -) 
h 
c 
H 
Ht 
I 
Is 
= dowel force of the flexural tension reinforcement 
which causes a dowel crack to form in the concrete 
= strain in the reinforcing steel 
= strain in the extreme compression fibre of the beam 
= elastic modulus 
= elastic modulus for concrete 
= elastic modulus for steel 
= a flexural displacement of a concrete cantilever 
= stress in the extreme fibre of the compression zone 
= compression strength of concrete measured on a 
standard cylinder 
= 
= 
= 
= 
= 
= 
= 
= 
compression strength of concrete measured on a 
standard cube 
modulus of rupture of concrete 
steel stress in the longitudinal reinforcement 
tensile stress in concrete 
direct tensile strength of concrete 
stress in web reinforcement 
stress at yield of reinforcement 
some function of ( - ) 
vi 
= distance from centroid of reinforcement to top of 
cracks measured at right angles to longitudinal axis 
of beam 
= total depth of beam 
= hori.zontal 
craclt 
component of shear transmitted across a 
= moment of inertia 
= moment of inertia of flexural tension reinforcement 
j 
k 
k' 
M 
n 
N 
p 
p' 
r 
R 
s 
vii 
= ratio of distance between centroid of compression 
force and centroid of tension force to the effective 
depth of the beam 
= ratio of distance between extreme fibre of compression 
zone and neutral axis to the effective depth of the 
beam 
= elastic response of concrete subjected to lateral 
forces from reinforcement 
= elastic response of concrete on the under surface of 
a reinforcing bar when subjected to lateral forces 
from the reinforcement 
= elastic response of concrete on the upper side of the 
bar when subjected to lateral forces from the 
reinforcement 
= bending moment acting on a beam 
= modular ratio of steel to concrete 
= number of flexural tension reinforcing bars in the 
beam 
= ratio (or percentage) of the area of flexural tension 
reinforcement to the area equal to the effective 
depth times the width of the web of the beam (A /bd) 
s 
= ratio (or percentage) of the area of flexural 
compression reinforcement to the area equal to the 
effective depth times the width of the web of the beam 
= ratio (or percentage) of the area of web reinforcement 
to the area of concrete in the web of the beam 
(Av/bs) 
= ratio of the deflection produced when a dowel is 
loaded towards the concrete under a bar to the 
deflection produced when the same load is applied in 
the opposite direction 
= spacing of web reinforcement measured along the 
length of ·the beam 
= distance between two adjacent cracks measured at the 
level of the reinforcement 
= distance between two adjacent cracks measured at the 
level of the top of the cracks 
s y 
T 
v . 
c;tl. 
= 
= 
= 
= 
viii 
distance between two adjacent cracks measured at a 
distance y below t he level qf the neutral axis 
flexural tension force 
translational displacement (see Chapter 7 Fig 7 o3) 
shear s t r ess transmitted across a crack by aggregate 
interlock action 
vn = nominal shear stress (V/bjd) 
v 
= average shear stress acting just above the level of 
the reinforcement 
= total shear applied t o the span of a beam 
= shear resist ed by concr e t e 
= shear resisted by compress i on zone of beam 
= shear resisted by web reinf or cement 
= transverse component of shear for ce transmitted 
across a crack 
x = distance measured along t he beam from support point 
y 
or point of contra- flexure 
= distance measured from the neutral axis of t he beam 
= total shortening of t he extreme compression f ibre 
above a diagonal crack in a beam 
= flexural rotation of a concrete cantilever 
= an elastic cons t ant (k 1 /4EI) (see Chapter 5 section 
7. 4) 
= a displacement 
= shear displacement causing a dowel crack to form 
in the concrete 
= longitudinal component of movement in t he opening 
of a crack 
= shear displacement , the component of movement in 
the opening of a crack measured in the direction 
of the crack 
= transverse component of movement in the opening of 
a crack 
ix 
= distance measured along the beam between the centre~ 
line of the concrete cantilever at the top of the 
cracks to the same centre- line at the level of the 
longitudinal reinforcement 
= direction of crack measured from the longitudinal 
axis of the beam 
= flexural rotation of compression zone of a beam 
between the centre-lines of two adjacent concrete 
cantilevers, or flexural rotation of compression 
zone in the region of a beam containing a diagonal 
crack 
Symbols used only once in the text are not 
included in the above list. These symbols are 
defined where they are used . 
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CHAPTER 0 N E 
THE LIBRARY 
UNIVERSITY OF CANTERBURY 
CHRISlCHURCH, N.Z. 
A REVIEVI OF PREVIOUS RESEARCH AND THE SCOPE OF 
THIS PROJECT 
1 . INTRODUCTION 
The behaviour of reinforced concrete beams subjected to 
pure flexure is now well understood. It has been found 
possible to predict with reasonable accuracy both the ultimate 
load and the load deformation characteristics of such beams (or 
part s of beams). However , where shear forces exist the 
behaviour is very much more complex~ and the mechanism of 
resistance of a beam has not been completely determined . 
Satisfactory ul t imate load design techniques have been developw 
ed to predict the flexural strength of concrete beams, but to 
date no analagous theory fully defining the role of shear has 
been proposed. 
The modern trend of employing design methods based on 
ultimate load conditions has emphasized the need for a satis~ 
factory solution of the shear problem. At present the only 
safe approach is to over design for shear to ensure that a 
flexural failure must always develop before a shear failure. 
Such an approach inevitably results in the uneconomic use of 
materials in some regions of a structure . 
In the last fifteen years a considerable amount of 
research has been directed to this problem. The ACI - ASCE 
Committee on shear and Diagonal Tension1 has noted that 
between 1899 and 1961, tests of some 2,500 beams and frames 
have been reported in the literature. In the same period of 
time over 450 papers have been published on this topic . 
Approximately half of this research was carried out in the 
decade 1951 to 1961. A report by an ACI Committee 2 in 1952 
listed 67 current projects on shear and diagonal tension in 
different laboratories i n North America» Europe ~ India~ Japan 9 
Australia and South Africa . Research i n this fie l d is still 
very active , 
2. 
The complex behaviour of a zone of a beam which is 
subjected to f l exure and shear ha s resulted i n the deve l opment 
of empirical equations f o r the estimation of the shear strength. 
Such equations now form the basis of the 1963 ACI Coden The 
wide divergence in the requi~ements of current design codes 3 
illustrates the genera l l a ck of knowledge of the behaviour of 
reinforced concret e beams subjected t o shear forces. 
The next section presents a brief r eview of pr evious 
r e search. The work of a few i nvestigat ors is exami ned t o 
demons trate the various trends of r esearch fo llowed i n this 
fie ld . In the following sections » t he different types of shear 
failure that have been observed i n r e inforced concrete beams 
are described , and a brief r evi ew is given of s evera l factors 
that have been found by previ ous research to influence t he shear 
strength of beams ~ 
2, PREVIOUS RESEARCH ON THE SHEAR STRENGTH OF REINFORCED CONCRETE BEAMS_____ -
Many of the concepts used by recent research wor kers to 
expla i n a s pects of the behaviour of beams failing i n shear 9 
were first descri bed by the pioneers i n this fi e ld. 
In 1899 Ri.tter4 proposed the well known equation -
------ (1.1) 
for the design of vert ica l stirrups in a beam. This equation 
was based on the assumption that a reinforced c oncrete · beam 
subject to shear forces behaves as a p in jointed truss. In 
this analogy the compression zone of the beam forms the 
c ompre s sion chord of the truss , and the flexural r einforc ement 
forms the tension chord . The concrete i n the web is assumed 
to provide the compression members in the web of the truss ~ 
with the stirrups or bent up bars forming the tension members , 
(see Fig. 1, 1) . It wa s assumed i n Ritters equation (Eq. 1.1) 
that the main compression and tension chords of the analagous 
truss were parallel to each other~ This assumption appears to 
have been accepted by the majority of later research workers. 
3 . 
Morsch4 pres ented an equation for the nominal shear stress 
in reinforced concr~te beams. in 1903~ and he showed that this 
stress could be used a s a measure of the diagonal tension stress 
that appeared to cause the s hear failure ~ His equation for the 
nominal shear stres s~ 
vn = V/bjd -----~ (1. 2) 
was based on the assumpt i ons that ; 
(1) the strains varied linearly on a transverse section of the 
beam , 
(2) the stresses in both the concrete and the steel remained in 
the elastic range , 
(3) the concrete could r es is t the d i agonal tension stress 
implied by the equation , but could not resist any 
longitudinal f l exura l ten sion stresses . 
In 1907 Morsch4 deduced that when diagonal cracks form in 
a beam without shear r e inforcement » the internal forces are 
redistributed~ The compression zone and dowel action of the 
reinforcement wa s thought to r e sist the applied shear. Dowel 
action was not be l ieved to account for much of the shear 
resistance , To resist s hear 9 the c ompression force must 
become inclined above t he diagonal crackt (see Fig . 1.2). 
Apart from dowel action it was assumed that no shear could be 
transmitted across the cra c k ; an assumption apparently 
accepted without question by nearly al l l ater research 
workers . 
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In 1907, Talbot4 r eported tests on a number of reinforced 
concrete beamsQ From these he concluded that the shear 
strength depended on ; 
(1) 
(2) 
(3) 
and (4) 
the 
the 
the 
the 
strength of the concrete 9 
amount of flexural tension reinforcement, 
length of the beam , 
amount of web reinforcement ., 
He found that the stirrup stresses were smaller than those 
implied by the equations based on the truss analogy, and from 
this it was conc luded that part of the shear was resisted by 
the compression zone of the beam" 
In 1916 Faber5 showed that a shear force could be 
resisted by arching action. For this behaviour it was assumed 
that the compression force could become inclined between the 
load and support points, and consequent ly the tension force in 
the reinforcement was constant between these two points , (see 
Fig~ 1 .3). To a llow this arching action to occur the bond 
resistance of the reinforcement must be destroyed 9 and 
extensive slips must develop between the concrete and steelo 
This may have been possible with the poor quality of materials 
used in 1916 , but it is not possible with modern materia ls. 
Recent research has shown that arching action , as visualised 
by Faber , can only occur in short beams 9 (see Chapter 7). 
Richart6 in 1927 reported a large number of beam tests 
that had been made at the University of Illinois between 1910 
and 1923. In these numerous strain measurements were made on 
the flexural and on the web reinforcement . The principal aim 
of this investigation was to assess the effectiveness of 
different types of web reinforcement . The experimental 
results in this report illustrate clearly the action of web 
reinforcement, Richart noted tha~ stirrup stresses were 
consistently less than those predicted by the truss analogy. 
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He also showed that the stresses in the most highly 
stressed stirrups could be predicted by the equation -
v = C + rf 
n v 
( 1. 3) 
where r is the ratio of web reinforcement to area 
c 
of concrete in the web, and C is a constant, .which was 
found to vary betweeh 90 and 200 psi. for different beams . 
Its actual value was thought to depend on the percentage 
of web reinforcement and the concrete quality. It should 
be noted that Eq. 1.3 is not an ultimate load equation, 
but merely an equation that could be used to predict 
stresses in the web reinforcement prior to the yield of 
this reinforcement. 
For purposes of comparison , Ritter's and Morsch 0s 
equations (1o2 and 1 o3) can be c ombined as follows -
7() 
v .::; v bjd = A v fv jd/s (L2 & L3) n 
hence v = A f /bs n v v 
and as r . = A /bs v 
v 
n = 
rf 
v 
0 
Research work since 1945 has attempted to express 
quantitat-i vely the influenc e of different fac t ors on the shear 
strength of reinforced concrete beams ~ Owing to the c omp l exity 
of the problem frequent r e sort was made to empirica l interpret ~ 
ation of test resultso 
Moretto7 in 1946 r eported the results of a number of beam 
testso From an empirical ana l ysis of the results of these tests 
equations were pres ented for the ultimate shear strength and 
diagonal cracking load so The percentage of flexural reinforce-
ment ~ the concrete strength~ and the percentage of web 
reinforcement, were the par ameters included in his analysiso 
Clark8 in 1951 followed a similar approach to that used 
by Moretto , but he introduced an additional factor in the 
empirical evaluation of the test result s to allow f or the 
influence o f the slenderness of the beamo This factor wa s 
the ratio of the length o f the shear span to the effective 
deptho The shear span , (length 11 a 11 ) was defined a s the distance 
between the load and support points" This slenderness parameter 
is commonly referred t o a s the a/d ratio , and it is applicable 
only to simply supported beams loaded by concentrated loadso 
To express the slenderne ss of cont inuous beams it was 
necessary for later resea rch workers to introduce the M/Vd 
ratio~ In this expression ~ M is the maximum bending moment 
and V the shear forceo The M/V d ratio simplifies to the 
a/d ratio for simply supported beams. 
9 11 10 Zwoyer , Moody , Laupa and others in 1954- 55 introduced 
and developed the concept that a beam fails in shear due to 
failure in compression of the concrete above the diagonal crack~ 
On the basis of this concept empiricai equations were formulated 
to predict the shear strength~ 
12 13 Bresher and Pister (1958) , and Guralnick (1960) carried 
the concept of shear failur~ as a result of failure of the 
concrete in the compression zone , a stage further o It was 
assumed that the concrete in the compression zone failed under 
the combined action of the compression and shearing forcesc 
Equations were derived to predict the strength of plain concrete 
subjected simultaneously to compression and shear , These 
expressions were applied to the compression zone of the beam~ 
It was assumed that all the shear force was resisted by the 
cpmpression zone~ The size of this zone was taken to be equal 
to the size derived from standard flexural theory. These 
investigators noted that this assumption was not applicable to 
beams with short shear span to depth ratios. 
Walther14 in 1957 not ed the problem of determining the 
size of the compression zone ~ and he attempted to overcome this 
by considering the compatibility requirements of con~rete and 
steel deformations near a diagonal crack. He postulated that 
the deformat ions in the region of a beam containing a diagonal 
crack could be represented by a rotation occurring about the 
end of this cra ck. lt was shown how such a rotation could be 
related to the depth of the neutral axis, the length of the 
crack, aft6 pull out of the reinforcement, and the shortening 
of the extreme compression fibre of the beam (see Fig ~ 1. 4) o 
By considering the postulated mode of deformation, the depth 
of the neutral axis could be found. The strength of the 
compression zone , and consequently the strength of the beam, 
was then calculated in a very similar manner to that used by 
Bresler and Pister . 
Walther 9 s work was interesting in that it high-lighted 
9. 
the compatibility problem that so many previous workers had 
ignored. There is however~ an inconsistency in the formation 
of the compatibility requirements ., To calculate the shortening 
of the extreme compression fibre of concrete above the diagonal 
crack , it was assumed that tpe compression stresses were 
uniformly distributed over the length A-B above the crack~ 
This assumption excludes the possibility of any rotation. 
Owing to the lack of know·ledge of the behaviour of 
reinforced concrete beams failing in shear , the ACI - ASCE 
Committee15 on Shear and Diagonal Tens i on , adopted an empirical 
equation to predict the diagonal cracking shear in reinforced 
concrete beamso In beams without web reinforcement the diagonal 
cracking load was considered for purposes of design to be the 
ultimate load carrying capacity of the beam. This assumption 
was necessary as the reserve load~carrying capacity above the 
diagonal cracking load was incalculable, erratic, and frequently 
negligible . The ·contribution of the shear reinforcement to 
the shear resistance of beams was calculated on the basis of 
the truss analogy , and it was a ssumed that this contribution 
was additive to the shear resisted by the beam at the time of 
diagonal cracking . These equations ~ which were accepted as a 
basis for the ACl 196~ code , were derived from an analysis of 
a large number of test beams . 
Kani 16 in 1964 pointed out that the flexural cracks in 
the shear span of the beam divi de the tension zone into a 
number of concrete blocks. These may be considered to act as 
short cantilever beams spanning from the compression zone to 
just beyond the level of the tension reinforcemento (In 
subsequent sections of this thesis they are referred to as 
10. 
concrete cantilevers.) The concrete cantilevers are loaded 
by the bond force s transmitted by the reinforcement . Kani 
concluded that the magnitude of these bond forces was limited 
by the flexural capacity of the concrete section between the 
tops of adjacent flexural cracks, (section 1 - 1 Fig. 1.5). 
Flexural failure of the concrete cantilevers caused the 
flexural cracks i n the shear span to extend in an inclined 
direction, and in beams with small a/d ratio) (i.e. less than 
2~$ this enabled arching action t o develop. When the a/d 
ratios were larger (i.e. between 2.5 anq 6), flexural failure 
of the concrete cantilevers resulted in shear failure of the 
beam., 
17 A discussion of this paper showed that the mechanism as 
described by Kani would not predict the shear strength of 
reinforced concrete beams of normal proportions. This appeared 
to be due to an over simp lification of the mechanism of 
. f h " 1 18 res~stance o t e concrete cant~ evers • 
Haugli19 in 1962 ~ compared a number of equations that had 
been deri ved to predict the u ltimate shear and the diagonal 
cracking loads, To allow a dir·ect comparison between equations 
to be made, they were arran&ed in terms of the bending moment 
sustained by the beam~ These equations wer e then compared 
graphically. Haug li 9 s diagrams demonstrate the very large 
and disturbing discrepancies between s ome of the theories 
that have been advanced .. Similar graphical representation of 
a few ultimate load equations are shown in Fig. 1 .6. 
3. ~§_Qf SHE,6R F AlLURE 
Several different types of shear failure, which are 
commonly (but not universally) recognised in the literature, 
are described here . A difficulty arises in that the 
terminology used to define these failures varies between 
11 
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Fiq.1.6- THE INFLUENCE OF THE a/d RATIO & THE CONCRETE 
STREN ~ 'ii-i ON THE SHEAR STRENGTH OF BEAMS 
ACCORDING JO DIFFERENT . INVESTIGATORS. 
authors; for this thesis the terminology presented below is 
used , 
13 .. 
3.1 Diag~l Te~ion Failure . This type of failure occurs 
when a diagonal crack forms and extends through the compression 
zone of the beamo The failure is very sudden . In the web the 
crack is inclined at about 45° to the axis, but in the 
compression zone the slope is reduced, (see Fig. 1.7a) . The 
two portions of the be~m separateq py the diagonal crack may 
be observed to jump apart.* This observation suggests that a 
diagonal tension failure is caused by a tensile failure of the 
concrete . The principal ·feature of a diagonal t ension type of 
failure is that the failure occurs when the first major 
diagonal crack forms in the beam .. 
3 . 2 Shear Compression Failu~~.. In this type of .failure 
diagonal cracks fo~m in the web of the beam , but the propaga-
ti.on of these through the compression zone is arrested by 
either w~b reinforcement or vertical compressive stresses 
under the load point ,. (see Fig . L 7b) ~ The diagonal crack 
reduces the effective size of the compression zone 3 and failure 
eventually occurs when ·· the concrete· above the crack crushes .. 
Shear compression failure oc~urs ·a t l oads higher than those 
causing the ~evelopment of the diagonal crack. 
3 .; 3 ~he~ TensiQn Fail~.. The opening of a d iagona l crack 
in a beam causes vertical displacem~nts at the level of the 
reinforcement . This movement induces dowel action in the 
reinforcement , which in turn may r esult in splitting of the 
concrete at this level~ Such s plitting destroys the bond 
I 
between concrete and steel , and hence this may lead to further 
~~ See chapter 10 - Beam SC3 and CAl . 
opening and extension of the diagonal crack. Clearly this 
phenomenon could lead t o destruction of the anchorage of the 
re i nforcement , in which case a shear tension failure will have 
occurred . In beams conta ining no web reinforcement a diagonal 
tension failure is always accompanied by a horizontal crack 
along the reinforcement ., tvhether such cracks are a result or 
a cause of failure has been a matter for conjecture" The 
author considers that shear tension failures as described above 
are one possible explanation of diagonal tension fai l ure . 
Consequently , in the remainder of this thesis no distinction 
in naming is made between shear t ens i on and diagonal tension 
failures , and both a r e referred to by the latter name ~ 
3.4 Shear Proper-:. In beams with very short shear spans , (i .. e . 
a/d less than 1) failure may occur by crushing of the concrete 
near the load or supporb ' point~ 3 or by §pli;fing o~ the 
concrete between these two points . This latter t ype of failure 
has been likened to the splitting failure of a concrete cube 
that is subjected to line loads across two faces* , (see Fig . 
1 . 7C) . The type of failure that occurs in this case , 
dep~nds on the way in which the l oad is applied to the beams 
(i "e . on the size of the bearing plates etc,) . 
3.5 Q!agQBsl Compressiou~~re~ In beams containing shear 
reinforcement , inclined compression forces develop in the web . 
If this web is thin r elat ive to the flange , these forces may 
cause the concrete to crush. 
The last two types of shear f a ilure are rare , and the vast 
majority of previous r esearch has been concerned with shear 
cqmpression ~nd diagonal tension type shear failures. 
* See chapter 7 - section 8 o 
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F:ig.1.7- TYPES OF SHEAR FAILURE IN REINFORCED CONCRETE 
BEAMS 
4. FACTORS INFLUE~~G THE_§HEAR RESISTANCE_QF BEAMS 
4.1 The aL9_Q£ Mj~~ti~ The value of this parameter has 
been found to have a very important influence on the shear 
capacity and the type of failure that occurs , This can be 
demonstrated with reference to two sets of tests, one for 
simply supported and the other for continuous beams .. 
16 ~ 
Morrow and Viest20 reported tests on a series of simply 
supported beams in which th~ shear span was systematically 
variedn From the results of these tests, the bending moment 
that each beam sustained at diagonal cracking , and ultimate 
load, has been calculated in terms o f the non-dimensional 
specific moment M/f~ bd 2. These values have been plotted against 
the appropriate a/d ratio in Fig. 1 . 8b ~ A very similar diagram 
was drawn by Morrow and Viest20 s The same procedure has been 
followed for tests of continuous beams reported by Bower and 
Viest21 , (see Fig, 1 < 8a). 
From Fig. 1.8 it may be seen that the different types of 
failure are found grouped in different regions of the figure, 
and that this grouping corresponds to d istinct bands of a/d 
or M/V d ratios. The shear proper failure occurred when the 
a/d ratio was less than 1, Shear compression failures occurred 
when the a/d (or M/V d) ratio was between 1 and 3, and diagonal 
tension failures ·when the ratios lay between 3 and 6. For 
values above 6 flexural failure was observed . This last 
limit was found to depend on the amount of flexural reinforce-
ment and concrete quality . The author believes that the other 
limiting a/d and M/V d ratios also depend on these two , and 
other parameters ~ * 
* See chapter 8 section 7. 
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4.2 Com~~.:!:m,gtJ1_oL£2nS£ete. The compression 
strength of the concrete has been found to have a marked 
influence on the shear resistance of beams . This may be 
demonstrated with the resu lts of beam tests reported by 
18. 
22 23 Moody and Van der Berg • In these tests only the concrete 
strength was varied between tests. The results are shown 
graphically in Fig . 1.9. From these it may be seen that for 
compression strength (f~) in the range of 1 , 000 to 4 ,500 psi. , 
there is a marked increase tn shear r es istance with increasing 
concrete strength, but for an increase in compression strength 
above 4 , 500 psi& the corresponding increase in shear resistance 
is small. 
Neville and Taub24 have pointed out that t he experimental 
results of Morrow and Viest20 and others show that the influence 
of the a/d ratio and the concrete strength are not independent 
of each otherG In particular it was noted that concrete 
strength had a greater influence on the strength of beams 
failing in shear compression than on those failing in diagonal 
tension ., Morrow and Vi.est 0 s results demonstrating this 
phenomenon are shown graphically in Fig ~ 1 . 10 . However , the 
tests of Morrow and Viest show no interaction between these 
two variables for the diagonal cracking load. 
4. 3 ~P.erc,!ID_!§.g~_.QJ.~~1:1!:AlJ.§nsion li.~J..ni2~~Il)e!)._!. This 
parameter has received considerable attention from previous 
research workers , and as a result it has been included in the 
majority of equat i ons predicting the ultimate shear strength 
or diagonal cracking l oads of beams. Results of tests carried 
22 25 
out by Moody and Krefeld and Thurston are shown graphicalt'y 
in Fig . 1.11 , and t hese demonstrate the influence of this 
parameter . It appears that an increase in the percentage of 
re~nforcement is accompanied by an increase in the shear 
strength ; a conclusion t hat the majority of previous research 
workers have arrived at. From the results shown in Fig & 1.11 
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Fig. 1.11 - THE INFLUENCE OF THE PE.RCENTACE OF FLEXURAL TENSION 
REINFORCEMENT ON SHEAR STRENGTH 
it would appear that the increase in shear strength, with 
increas,e in percentage of reinforcement, occurs for all 
values of a/d or M/V d • However , Neville and Taub 24 came to 
slightly different conclusions. They quot·e experimental 
evidence from tests reported by Morrow and Viest20 and Moody 
21. 
et a111 to show that the amount of reinforcement has little or• 
no influence on the shear strength of be,ams wit:h low a/d ratios , 
(iceo a/d less than 2) , but has a marked influence with higher 
a/d ratios ., 
The increase in shear strength with increasing percentage 
of reinforcement probabl y arises from reduced bond stresses 
leading to better crack control, better anchorage conditions , 
and from increased dowel action ~ These factors depend on the 
size , number , arrangement and surface characteristics of the 
reinforcing bars , and are related only very indirectly to the 
percentage of reinforcement.. This may explain the apparently 
contradictory experi mental evidence on the influence of this 
factor ., 
4.4 ~~1-ComR~~ssion Reinforcemen!. Compression reinforce-
24 
ment appears to have only a minor influence on shear strength 
in beams containing no web reinforcement ., 
4.5 The Size of the_lveb ., A very limited number of tests 
carried out by Bach and Gra~ (reported by Neville and Taub24), 
26 and by Ferguson and Thompson , indicate that all other factors 
being equal, the shear strength is proportional to the cross-
sectional area of the web . 
4 .• 6 The Size of the Compression Zone, Tests reported by 
---7 -
Neville and Lord 2 demonstrate that an increase in the size 
of the compression zone has a beneficial influence on the shear 
strength. The experimental results show that the ultimate shear 
strength of T beams were consistently higher than that for 
22~ 
rectangular beams having the same web width , depth, longitudinal 
. 
reinforcement and concrete strength. The margin of strength of 
the T beams over the rectangular beams varied from 13 to 60 
per cent of the ultimate strength of the rectangular beams. 
4. 7 Bond Proper_!!:e.§_.Qf_!he R.~iuf.Q£S.§ment.£. Leonha:rdt and 
Walther28 tested a series of beams to investigate the influence 
of bond on the shear resistance . They found that beams that 
were reinforced with smooth polished reinforcement behaved 
differently and failed at higher loads than beams that were 
reinforced with the same amount of deformed reinforcement . 
With the polished bars ~ arch action developed in a similar 
manner to that postulated by Faber~ * In these beams no bond 
stresses could develop between the anchorage zones of the beam ~ 
and consequently no shear stresses could be resisted by the 
tension zone of the beam. Cracking was limited to the formation 
of one or two wide cracks in the mid region of the beam, and 
failure eventually occurred by crushing of the concrete in the 
compression zone in the centre of the beam , or by failure of 
the anchorage of the reinforcement. 
Beams reinforced with deformed bars failed in diagonal 
tension. Leonhardt and Walther noticed that with an i mprovement 
in the bond conditions (i .e. by using a number of small deformed 
bars in place of one or two large bars) the shear strength was 
slightly increased , 
4.8 The Method of_L0~£.12l!cati2.!l~ Ferguson29 demonstrated 
that the shear strength of a beam with a small a/d ratio ( i. e ~ 
2.0 or less) was greatly reduced if it was loaded and 
supported through secondary beams instead of by the usual 
* Chapter 1 section 1 
23 ~ 
laboratory technique of applying the load to the compression and 
tension surfaces of the beam., Taylor30 , in order to investigate 
this aspect further~ tested a series of beams with differing 
a/d ratios . In these tests one beam would be loaded and 
supported by bearing against the compression and tension faces 
of the beam, while a companion beam of exactly the same 
d imensions was loaded and supported through small secondary 
beams~ The results of these tests are shown graphically in 
Fig . l ol2 & It can be seen ~hat the diagonal cracking load was 
not appx:·eciably influenced by the way in which the load was 
applied , but when t he beam was loaded through the secondary 
beams failure occurred with the formation of the diagonal 
cracks, (i ~ eo there was no reserve in strength above the 
diagonal cracking load) . 
Ferguson had explained simi l ar resu l ts in his tests by 
indicating that vertical tensile stresses developed at the end 
of the diagonal crack~ Consequently these cracks would extend 
until the tensile stresses could be suppressed by the vertical 
compressive stresses under a load point ~ When this had 
occurred the beam could withstand further load , until the 
concrete above the crack failed in compression (i . e ~ a shear 
compression failure) . However ) if the vertical compressive 
stresses under the load point were removed from the vicinity 
of the diagonal crack, either by testing beams with long shear 
spans , or by l oad i ng the beam through secondary beams , the 
diagonal cracks could not be restrained from propagating right 
through the compression zone , thus causlng a diagonal tension 
failure, 
Taub a·ncl Ne~ril le31 tested a few beams to determine the 
I 
shear strength when loaded through secondary beams~ In these 
tests it was found that the ultimate load was only slightly 
reduced when the load was applied through secondary beams, and 
that there was a considerable reserve in strength above the 
24 
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diagonal cracking load • The dimensions of these beams , and 
the results obtained from these tests are shown in Fig. 1.13. 
There was a difference between the beams tested by Ferguson 
and Taylor and those tested by Neville and Taub. In the latter 
beams stirrups were used in addition to longitudinal reinforce-
ment in the secondary beams. With this arrangement it is 
possible that a diagonal crack from the main beam could intersect 
the stirrups in the secondary beam. If this was the case the 
shear from the secondary beams could have been partly transmitted 
to tne compression zone of the main beam by dowel action of the 
reinforcement. Such an action would induce vertical compression 
forces in the compression zone of the main beam , and it would 
thus have a similar restraining influence to a point load 
acting on the compression zone of the beam. In the light of 
this observation it would appear that the restraining influence 
of the vertical compression stres ses under a load point may be 
replaced by other ·restraining actions. 
4.9 The Size of the Beam. 32 Chang and Kresler found that the 
magnitude of the nominal shear stress sustained by a beam at 
diagonal cracking, and at failure, was influenced by the 
effective depth of the beam. In particular it was found that 
the nominal shear stress increased as the size of the beam was 
reduced. To correlate the results obtained from beams of 
diff~rent sizes they introduced the following expressions 
and 
for diagonal 
cracking load 
for ultimate load 
where va is the shear stress for a beam with a large effective 
depth (i,e. d greater than 16 in.). 
27. 
Work carried out by Alami and Ferguson33 confirmed Chang 
a.nd Kesler v s observations; the first named researchers found 
that as the dimensions of a beam were reduced, higher nominal 
shear stresses were resisted before diagonal tension failure 
occurredo However~ there is a considerable difference in the 
scale effect as observed in the above investigations. In 
Alami and Fergusonus tests~ when the effective depth of the 
beam was reduced from 13.5 to 2.78 in., (all otner dimensions 
being reduced in the same ratio), there was a 5% gain in 
strength, but Chang and Kresler¥s expressions predict a 70% 
increase in shear stress at diagonal cracking~ and a 50% 
increase in the shear stress at ultimate load when the 
effective depth is reduced from 12Q5 to 3 in. 
Leonhardt and Walther28 tested a series of beams that 
were geometrically similar . In these tests they found that 
with decreasing size of beam there was a very marked increase 
in the nominal shear stress sustained at failure. Four 
different sizes of beam were tested, and the concrete strength 
for each size was determined from tests on control cubes. The 
effective depths of the beams were 7, 14, 21, and 28 em. and 
the sizes of the cubes used to measure the concrete strength 
were 7~ 10 9 12 and 20 em. respectively. To compare the 
results of these tests graphically~ the equivalent 6 inch 
cube strength has been calculated from a graph showing the 
influence of cube size on the cube strength34• The results 
of the beam tests are shown in Fig. 1.14. 
A limited number of tests reported by RUsch et a135 show 
a scale effect of a similar magnitude to that found by 
Leonhardt and Walther~ and Chang and Kresler. 
It should be noted that the scale effect reported by 
Rusch, Leonhardt and Walther, and Chang and Kresler is 
considerably greater than that reported by Alami and Ferguson. 
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Fi.g. 1.14 - THE INFLUENCE OF THE ABSOLUT'E SIZE OF THE 
BE~M ON THE SH~AR STRENGTH 
The experimental evidence on the effect of the size of the 
beam is conflicting, but it is clear that care must be 
taken in interpreting the results of beam tests if the 
effective depth of the beam is less than 10 in. 
4 . 10 The Width to Depth Ratio. From a statistical analysis 
. 36 
of a large number of beam tests, Diaz ~e Cossio found that 
the width to depth ratio influenced the she.ar ·strength of a 
beam. However, the influence of this parameter appears to 
be .small for rectangular beams of normal proportions, (i .e. 
b/d between 0.25 and 1 ;0) ~ 
4.11 Web Reinforcement. The addition of web reinforcement to a 
beam increases the shear resistance, and may change the type of 
failure that occurs. In particular with web reinforcement there 
is no sudden diagonal tension failure. 
Talbot in 19094 found that calculations based on the truss 
analogy overestimated stirrup stresses, and he concluded that 
a portion of the shear must be resisted by the compression 
zone of the beam. This conclusion has generally been accepted 
by later research workers, .with the proviso that a small portion 
of the shear may be resisted by dowel action of the flexural 
reinforcement. 
Talbot ' s observations were confirmed by Richart6 in 1927. 
When stirrup stresses were compared with the applied shear 
force, it was found that these stresses were negligible until 
the stirrups were crossed by a diagonal crack, after which the 
stresses increased at the rate predicted by the truss analogy.* 
Subsequent , experimental work has substantiated Richart's 
28 
observations. Leonhardt and Walther have recently shown 
that this discrepancy between the shear resisted by truss 
action and the applied shear, increases with the width of the 
web. Leonhardt37 assumed that this shear (shown as the shear 
resisted by concrete in Fig. 1.15) was resisted by dowel action 
of the reinforcement , by the flexural resistance of the 
concrete between the cracks, and by the compression zone of 
the beam. The first two factors were not ·thought to account 
for an appreciable proportion of the shear. 
Shear reinforcement has been shown to have other functions 
begid€s that of acting as a tension member in an equivalent 
truss. In particular it has been noted that the stirrups help 
* Chapter 1 Section 1. 
~o maintain composite action between the concrete and steel 
by preventing excessive dowel cracking24 • The stirrups also 
enable greater dowel action of the reinforcement to develop. 
Several factors have been found to influence the 
30 0 
ff i f b . f . b 24' 28 d f e ect veness o we re~n orcement ~n a earn , an some o 
these factors are briefly discussed below. 
(a) The Spacing of Stirrups. Small diameter closely spaced 
stirrups have been shown to be more effective than an 
equivalent area of widely spaced large diameter stirrups . 
This has been explained in the following way . The stirrups 
are stressed by the opening of a diagonal crack. vlith very 
widely spaced stirrups the diagonal crack may have to penetrate 
a considerable distance before a stirrup is intersected, and 
it has to extend for some distance beyond this point to 
effectively stress the stirrup. The excessive extension of 
this crack before the stirrup can act is liable to reduce the 
size of the compression zone, thus causing a premature shear 
compression failure . With closely spaced stirrups the diagonal 
crack need not propagate far before the web reinforcement can 
resist appreciable shear, and consequently the size of the 
compression zone is not so greatly reduced . 
(b) Anchorage of the tveb Reinforcement . The web re i nforcement 
must be effectively anchored in the compression and tension 
zones of the beam to enable it to develop the necessary tensile 
stresses, and to assist the main reinforcement to resist the 
bond stresses. The inclined compression forces in the web of 
a beam must be balanced by tensile forces in the stirrups and 
bond forces in the reinforcement (see Fig. 1.16). tvhere the 
Longitudinal reinforcement is not supported by stirrups, such 
as in the central bar shown in Fig. 1 .16, it is not able to 
resist directly any of the inclined compression force. Consequ~ 
ently secondary bond stresses must be set up between the bars. 
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(c) Bond Properties of the Reinforcement. The bond force B 
- v ( t he component of the shear resisted by truss action), the 
stirrup force , and the inclined compression force satisfy 
equilibrium requirement, and thus they can be represented by 
a polygon of forces (see Fig. 1.16). Hence a reduced bond 
force , owing to poor bond properties of the reinforcement, 
would prevent the effective stressing of the stirrups. 
5 . CONCLUSIONS DRAHN FROM PREVIOUS RESEARCH 
From the brief review of research presented on the preced-
ing pages it will be realised that the problem of predicting 
the shear strength of reinforced concrete beams has not yet 
been satisfactorily solved. The complexit y of the problem 
is apparent from the number of factors influencing the shear 
s t rength. Unfortunately some of t hese factors do not act 
independently of each other, and consequently the influence of 
each variable cannot be determined from a single series of 
tests in which one factor is altered whilst al l the other factors 
are kept constant . The interactions between variables increases 
the complexity of the problem, and makes it very difficult to 
find a satisfactory solution by the statistical analysis of 
test results alone. Vlhere such an attempt is made ~ an essential 
part of the analysis is to establish the degree of int eraction 
of the different variables . This aspect, however, has generally 
been ignored, and it has been usually assumed, without experi= 
mental justification, that there are no interactions ~ 
A more rational approach to the problem, and one that has 
been followed by the majority of research workers over the last 
fifteen years, has been to examine the mechanism of shear 
resistance of a beam, and from this to find a theoretical 
model that can be used to predict the important parameters 
affecting shear strength . These factors can then be examined 
eit her theoretically or experimentallyo Inadequate under~ 
standing of the actual mechanism of shear resistance of 
concrete be~ms has been the ·main difficulty in this ~pproach. 
6o ~BE SCOPE OF THIS PROJECT 
The scope of this .project was limited to an examination 
of the internal mechanism of resistance of conventionally 
reinforced concrete beams subjected to flexure and shear. 
Eight beams were designed and tested to inve~tigate different 
aspects of this mechanismo From these tests it was found that 
certain actions 9 namely ~ the shear transfer across cracks by \ . 
aggregate interlock action and by dowel action 9 were of very 
great importance in determining the behaviour of the beam. To 
investigate these actions more closely~ numerous small tests 
were made~ in which direct measurements could be made of t ·he 
shear transmitted across a cracko 
C H A P T E R T W 0 
THE INTERNAL MECHANISMS OF SHEAR RESISTANCE IN THE SHEAR SPAN 
OF A REIITEQRCED CONCRETE BEAM WITHOUT WEB REINFORCEMENT 
1. INTRODUCTION 
In this chapter the development of cracks leading to a 
diagonal tension or a shear compression failure is described • 
34. 
. In the sections following this description ,' a brief analysis 
is presented of the actions occurring in the shear span of a 
beam. In particular the equilibrium requirements of elements 
of a shear span are examined. In t ·he last sections of the 
chapter the results of a beam test are described to illustrate 
some of the actions discussed earlier. 
2. THE DEVELOPMENT OF THE CRACK PATTERN LEADING. TO A 
DIAGONAL TENSION OR A-SHEAR COMPRESSION FAILURE 
The development of the crack pattern 9 1eading eventua l ly 
to a diagonal tension or a shear compression failure, appears 
to occur in several well defined stages, and these are 
illustrated in Fig~ 2.1. In this figure the numbers shown 
beside . the cracks indicate the length of the cracks at the 
subsequent stages. 
As previously noted in chapter 1, the type of failure that 
occurs depends mainly on the a/d or M/Vd ratio of the shear 
span. Generally diagonal tension failures may be expected 
when this ratio lies between 2.5 and 6 , and shear compression 
failure when the ratio is between 1 and 2.5. However, the 
boundary between these two types of failure _is not distinct, 
and either type may occur when the a/d or M/Vd ratio is 
between 2 and 3. Shear proper failures, that form in beams 
with very small shear span to depth ratios, are not 
considered in this chapter. 
2.1 Diagon~l Tension Failure. The stages in the crack 
development for a beam, failing eventually in diagonal tension, 
(see Fig. 2.la) are as follows: 
(1) At relatively low loads short vertical cracks form in the 
shear span of the beam. 
(2) With increasing load the cracks follow curved trajectories 
to the vicinity of the neutral axis. 
(3) The application of further load, provided that the fai l ure 
load is not reached, causes only short extensions of these 
cracks. Short horizontal cracks may be observed just above 
the level of the reinforcement. 
(4) Failure occurs when one of the cracks, generally one 
situated towarqs the support end of the span$ extends rapidly 
through the compression zone of the beam ; simultaneously with 
the extension of this crack a horizontal crack forms at the 
level of the reinforcement . 
2.2 Shear Compressi<m Fail~. For a shear compression 
failure the crack pattern develop-s in the same way as 
described for a ·diagonal tension failure up to stage 4. 
However, at stage 4 the propajgation of the crack through the 
compr~ssion zon~ of the beam is_arrested when it reaches the 
vicinity of the load point ~ (see Fig. 2.1a. When this has 
occurred the beam may withstand further load~ with failure 
occurring at stage 5 when the concrete above the diagonal 
crack crushes , or when a tension crack forms on the top 
surface of the beam and extends downwards through the compress-
. . ion zone. 
3. THE ACT ION O!'_Iflg_ CON CRETE CANTILEVERS 
The block of concrete lying between two flexural cracks 
may be thought of as a short cantilever beam, which spans from 
.near the level of the neutral axis to just beyond the level of 
36. 
the tension rei nforcement. This concrete block will be referred 
t o in the remainder of this thesis as a concrete cantilever. 
The concrete cantilevers are loaded by the bond forces 
arising from the bond stresses that develop between the 
concrete and the reinforcement. The resultant bond force 
acting on a concrete cantilever is equal to the change in the 
tension farce in the reinforcement on either· side of this 
concrete cantilever·:~ (i.e. from Fig. 2.2-. Bf = T1 - T2). 
This bond force gives rise ·to shear stresses in the .tension 
zone of the beam . Just above the level , of the tension 
reinforcement (section 1- 1 Fig. 2.2) the average horizontal 
shear stress is given by the equation-
The intensity of this shear stress increases slightly with 
decreasing distance from the neutral axis,as the spacing of 
the cracks decr eas es owing to their inclination. 
The bond force develops a bending moment about the top of 
,. 
the concrete cantilever, which can be resisted by ~he combined 
action of three mechanisms, namely; 
(1) the flexural resistance of the concrete section between 
the tops of the two cracks, (section 2-2 Fig. 2.2), 
(2) the transfer of shear force across the cracks by the 
interlocking of the aggregate, and 
(3) the transfer of shear force across the cracks by dowel 
action of the reinforcement. 
The concept that it is the strength of· the concrete 
cantilevers that limits the magnitude of the bond forces 
has been developed and discussed by several previous workers. 
38 28 Rensaa , and Leonhardt and Walther have both mentioned the 
occurrence of flexural stresses in the concrete cantilevers. 
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Kani16 assumed that the strength of the concrete cantilevers 
was due only to the flexural action of the concrete section at 
the top of the concrete cantilevers~ and from this assumption 
he deduced that the maximum bond force was given by the 
expression -
= b s = f r 
f b s 2 
r r 
6h 
c 
( 2 0 1 ). 
The fundamental weaknesses of this equat i on have been discussed 
. 1 18 b f 1 h t d b 1 prev~ous y , ut or comp ·eteness t ey are sta e e ow. 
(1) The flexural resistance arising from aggregate interlock 
action and dowel action was neglected. 
(2) The Eq. 2.1 was based on the assumpt ion that a linear 
strain d istribution could develop directly above the level of 
the cracks, (see Fig . 2.3), This assumption violates compatibil-
ity requirements 9 as it implies that a discontinuity. in strain 
occurs directly above the cracks. The actual distribution of 
strain must be similar to that shown in Fig. 2.3b. 
(3) The equation makes no allowance for the influence of shear 
stresses in the concreten 
(4) The strength is calculated from the flexural resistance 
of the section between the tops of two adjacent cracks (i.e. 
section 2- 2 F ig. 2.2). In fact this section seldom fails, 
but instead the cracks prop~gate into the beam, in an inclined 
direction. This shows that the section on which Eq. 2.1 is 
based is not the weakest link in the mechanism. 
. 39 40 BJuggren and Moe have both analysed the flexural 
action of the concrete cantilevers in a similar manner to that 
used by Kanin However, from their calculations they deduced 
that some of the bond force moment must be resisted by dowel 
and aggregate interlock actions ~ 
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Fig. 2.1- CRACK PATTERN IN SHEAR SPAN OF BEAM 
fig. 2.2- FORCES ACTING ON A CONCRETE CANTILEVER 
(a) (b) 
Fig.2.3- STRESS DISTRIBUTION AT BASE OF A CONCRETE 
CANTILEVER - <a> FOR EQUATION 2.1 
(b) THE WRITER'S SUGGESTION. 
41 Lor entsen deduced that the strength of the concrete 
cantilevers depended upon the flexural strength of the concrete 
near the top of the cracks, and on the dowel action of the 
reinforcement ~ He derived Eq . 2.2 to express the bond force 
in the tension zone of the beam in terms of these two actions : . 
b f = ka b H (i"f + kb b d /n· pf~ , 
The first term on the right hand side of this . equation made an 
allowance f o r dowel action , and the second term for the flexural 
and shear resistance of the concrete at the top of the concrete 
cantileverso Lorentsen sug~ested tentative values of o94 and 
o60 for the factors ka and kb _r~spectively. The second term was 
based on theoretica l stress investigations, and on tests on 
blocks of concrete i n t ended to represent the flexural actions 
of the concrete cantilevers. The loading arrangement for these 
tests is shown in Fig . 2o4. The approach is interesting, but 
neither the tests nor the theoretical stress calculations 
conform to the strain continuity requirement that the vertical 
strains in the concrete directly above the crack be zero. 
Furthermore aggregate interlock is neglected. 
The bond force that may be resisted by the flexural 
strength of the concrete between the tops of the flexural 
cracks is considered in chapter 3 of this thesis. The results 
of the analysis show that only a small portion (i.e$ about 
20%) , of the bond force moment may be resisted by flexure of 
the concrete. The majority of the resistance arises from the 
moments induced by the shear forces transmitted across the 
crack, (i . e , by aggregate interlock and dowel action). However, 
nearly all the horizontal shear induced by the bond force 
must be resisted by the concrete between the two cracks, as 
the horizontal component of the shear force transmitted across 
a crack by aggregate interlock is small. Furthermore the 
horizontal component of shear transmitted across one crack tends 
to balance the equivalent component of shear transmitted across 
the second of the cracks forming the concrete cantilever. 
The transfer of shear forces across a crack by the 
interlocking of the aggregate particles is of major importance 
in resisting the bond forces acting on the concrete cantilevers. 
The exP.erimental work connected with this project has led the 
writer to believe that usually over 60% of the bond force 
moment is resisted by this action. 
The phenomenon of shear transfer across cracks by 
aggregate interlock action has largely escaped the attention 
of previous investigators~ HoweveF, exp~r.imental work ·reported 
42 by Taylor has given some indication of the importance of this 
action. In one of several simply supported beams t ·ested by 
Taylor, a ~lexural crack was prefor~ed -~~ e~ch shear span. This 
prevented the development of any aggregate interlock action 
· ... 
across these cracks o The beam failed at 78% of the load 
sustained by a similar beam which contained no preformed cracks. 
The difference in the load-carrying capacities was ascribed 
by Taylor to the lack of aggregate interlock action in the 
first beam. 
The relative displacement that occurs across a crack can 
be described by two of its components. · The component of 
movement at right angles to the direction of the crack is 
referred to in the remainder of this thesis as the crack 
width (c), and the component in the direction of the crack 
as the shear displat:einent ( 6' s ) , (see Fig. 2. 5). This shear 
displacement causes the larger aggregate particles embedded 
on one side of the crack to bear against the concrete on the 
far side of the crack. Hence it is possible to transmit 
tangential forces across the crack. The larger aggregate 
particles may be considered to act as small dowels. 
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Fig. 2.4 - CONCRETE PLAT ES TESTED BY LORENTSEN 
direct ion ot crack 
c : cracl( width 
Os : shear · displacement 
Fig.2.5- OPENING OF A CRACK IN A CONCRE TE BLOCK 
Measurements made on beams tested in this project have 
indicated that the shear displacements necessary to induce 
aggregate interlock action develop when an initially vertical 
crack i n a beam propWgates in an inclined direction. The 
opening of the flexural cracks in a beam, and the actions 
inducing shear displacements across these cracks, are considered 
in chapter 6. The results of tests made on aggregate interlock 
action are reported and analysed in chapter 4. 
The shear displacement that occurs at the level of the 
r einforcement causes the transfer of shear across th~ crack by 
dowel action of the reinforcement . An analysis of this action , 
presented in chapter 5, indicates that about 20% of the bond 
force moment may i n some cases be resisted by this · action. Dowe l 
action has been recognised by many investigators , and there 
have been several attempts to make direct measurements of it. 
Some of these are briefly examined in chapter 5 . 
4 . CONDITIONS NEAR THE LAST CRACK IN THE SHEAR SPAN 
In Fig o 2.6 the forces acting in the beam in the vicinity 
of the last two flexural cracks in the shear span are shown. 
The vertical shear force acting on the shear span may be resisted 
by three means, namely; 
(1) the shear force transmitted across the crack by 
aggregate interlock action, 
(2) the shear force transmitted across the crack by dowel 
action of the reinforcement, 
and. (3) the shear resisted by the compression zone of the 
beam. 
In the region of the beam between the last crack and the 
I 
support point it is possible for the compression force to 
become appreciably ~nclined. The actual inclination of this 
43 , 
force depends on the proportion of the shear resisted by the 
compression zone , In the region above this crack the vertical 
component of the inclined force equals the shear resisted by 
the compression zone of the beam . To the right of crack 1 
(Fig , 2 .. 6), the centroid of the comp~ession force"lies 
close to the horizontal path shown , so that the compression 
stresses remain above the tops of the flexural cracks . 
Near the end of the last crack in the shear span a 
vertical tension force may . develop in the concrete ~ This 
force is induced if there is a change in the · magnitude of the 
shear resisted by the compression zone of the beam . 
reference to Fig , 2 ., 6 , this vertical tension force 
given by the expression :-
tvith 
T is 
a 
where V 2 and V 1 are the shears resisted by the compression cz cz 
zone above crack 2 and 1 respectively. 
The vertical tension force Ta , acts on the concrete 
cantilevers located near the end of the last crack (i . e , crack 
2, Fig .. 2 ... 6) ., Hence for equilibrium of the concrete ~antilever , 
the force must be balanced by a change in the shear force 
transmitted across the cracks,(i.e. 
where vt 1 and vt 2 are the vertical components of the shear 
forces transmitted across cracks 1 and 2 respectivel~. 
The vertical tension force develops due to a local 
increase in the shear resisted by the compression zone,which 
may occur if there is a drop in the shear transmitted across 
adjacent cracks ~ This situation may arise if one of the cracks 
opens excessively, thus .reducing the shear force that can be 
transmitted across it by aggregate interlock action, or 
alternatively~ if a crack such as A- A (Fig . 2.6) forms·. In 
this situation the shear force transmitted below the crack 
A·-A is lost. 
The width of the cracks between the concrete cantilevers 
is determined by the pull out of the reinforcement from the 
concrete cantilevers on either side of the crack. The width 
of the last crack in the shear span (ioe. crack 2) depends 
on the pull out of the reinforcement from the concrete between 
the crack and the $Upporto · The magnitude of this last 
mentioned pull out can~ in some cases 9 exceed the magnitude 
of the pull associated with the concrete cantilevers 9 thus 
resulting in the opening of the last crack with the subsequent 
local increase in the shear resisted by the compression zone~ 
A crack such as A- A (Fig. 2.6)~ is referred to in the 
remainder of this thesis as an aggregate interlock crack. 
These cracks develop due to the tensile stresses arising from 
aggregate interlock action and dowel actiono The opening of 
such a crack greatly reduces the transmission of shear below 
the crack because the shear displacements in this region are 
reduced. The aggregate interlock cracks may form either from 
the last crack in the shear span~ as shown in Fig. 2.6~ or in 
one of the concrete cantileversn However~ it may be noted 
that in the concrete cantilevers the tensile stresses arising 
from the aggregate interlock action are partly suppressed 
by the flexural compressive stresses arising from the 
bending moment induced by t he bond force. As there is no 
similar suppression of tensile stress at the last crack in 
the beam, aggregate interlock cracks can be expected to 
develop in this location before they form in the concrete 
cantilevers. However~ crack patterns of beams that have 
failed in shear show that this is not always the case. 
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If the vertical tensile stresses, which arise from a 
local increase in the shear resisted by the compression zone, 
are of sufficient magnitude, they will cause the crack to 
propagate through the compression zone of the beam. This may 
result in either the beam being split in two parts (i . e . a 
diagonal tension failure), or in the development of arching 
action over the complete shear span. 
The actions leading to the extension of a crack through 
the compression zon~ of a beam, and the possible subsequent 
development of arching action, are examined in more detail in 
chapter 7 . 
5 . EQUILIBRIUM EQUATIONS FOR THE SHEAR SPAN OF A BEAM 
The existence of bending moments in the concrete 
cantilevers, and of shear transfer across the flexural cracks, 
means that many of the commonly used equations derived from 
considerations of equilibrium, are i n fact only approximations . 
The forces acting on a portion of the beam are shown in 
Fig . 2 . 6 . The line of action of the resultant shear force 
transmitted across the crack passes close to the point of 
intersection of the crack and the reinforcement . For the 
purposes of this analysis it is assumed to intersect at this 
point . The equilibrium equations for the free body are 
-
M = Vx = Cjd + vt d ) ev ) 
c = T 
- Ht ) (2.3) . ) 
and v = vcz + vt ) 
If the cracks in the beam are vertical, then the above 
equations simplify to -
M = Vx = Cjd = Tjd (2 . 4) . 
For many purposes Eq . 2 . 4 is sufficiently accurate, but it 
should be noted that the error associ ated with this equation 
increases as the ratio of d /x increases. 
ev 
From Eq. 2.4 the following deductions may be made -
Vx = Tjd 
v = 'd dT + T gj£ J dx dx 
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but 91: = bf (bond force per unit length of beam) dx 
therefore v = jd bf + Tdi.Q. dx (2.5)., 
The first term on the right hand side of Eq. 2.5 
represents the shear force resisted by beam action , and the 
second term the shear resisted by arch action. The equation 
demonstrates the relationship between these two types of 
action. For example a local reduction in the shear strength 
of the tension zone of the beam , caused possibly by the 
formation of an aggregate interlock crack , results in a; 
decrease in the magnitude of the bond force . Hence there must 
be a local increase in the shear resisted by arch action . 
If the internal lever- arm of the compression and tension 
forces is constant , then Eq. 2~4 becomes • 
but 
v 
jd 
= (the nominal shear stress). 
The component of shear resisted by arch action is zero for 
this case~ If the bond force is zero, as may occur in beams 
with reinforcement that is not bonded to the concrete between 
the supports, all the shear must be resisted by arching action, 
i.e. 
v = T djd dx ( 2 0 6 ). 
For such a case the tension force remains constant between 
the support points, and the internal lever arm increases 
linearly between the support and load points. Integrating 
and re-arranging -Eq. 2.6 it is found that -
where T 
0 
' d v J = ~ X 
0 
is the tension force in the steel. 
Lorentsen41 considered that in·an actual beam the shear 
in the region of the beam containing the concrete canttlevers 
could be resisted by a combination of both beam and arch action, 
and in such a case the compression force could become inclined 
above the tops of the flexural cracks (see Fig. 2.7). 
Lorentsen 1 s equations for the actions in a simply supported 
beam,based on this hypothesis~are given below. It was assumed 
that the shear strength of the tension zone was limited t o 
some value K (ioe. bf = K). Substituting th~~ value in Eq.2.5-
V = KJ'd + T djd dx 
and the solutio~ to this equation is -
jd = jd ( 1 - x/a ) (1 - K/V) 
0 
-----(2. 7), 
where jd0 is the internal lever arm in the constant moment 
zone of the beam. Lorentsen made no attempt to calculate the 
value of jd but he assumed that it was equa l to the value 
0 
that would develop for a beam subjected to pure flexure. It 
is shown in chapter 7 that this assumption is incorrect~ and 
that the magnitude of the internal lever arm in the central 
regions of a beam increases above the equivalent value for 
pure flexure 1when arching act ion develops in the shear span. 
There are two serious limitations to Lorentsen's analysis. 
(1) In the formulation of the basic equat ion the moment 
resisted by the dowel force and aggregate interlock action has 
been neglected; hence Eq~ 2.7 is not exact and the error · 
V .. 
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l l 
Vt : vertical component of shear· fore~ transmitted 
across crack 
H, : horizonta l component of shear · force transmitted 
across crack 
Fig. ~.6- INTERNAL FORCES IN SHEAR SPAN 
- --
average shear stress over ·section -1- 1 : Vt 
Vt : K/b < Vtbjod · 
Fig. 2.7- SHEAR RESISTED BY BEAM AND ARCH ACTIONS 
< LORENTSEN > 
associated with it increases as the extent of the diagonal 
cracking increases, (ioe~ as the ratio of d /x increases)c 
ev 
(2) The hypothesis on which the analysis is based 
ignores the requirements of compatibility. In chapter 7 
these requirements are examined , and as a result of this it 
· will be shown that shear can only be resisted by arching action 
in two regions of a beam. These regi.ons are abcve a major 
diagonal crack~ and in the vicinity of a load pointo Arching 
action can only develop over the complete shear span if a 
diagonal or horizontal crack extends through or above the 
concrete cantilevers in the shear span. 
6. BEAM TEST FAD1 
The first beam to be tested in this prooect ~ designated 
FADl, was designed to throw some light on t he following 
questions. 
(1) What is the magnitude of the bond forces that the 
concrete cantilevers can resistZ 
(2) Can some of the shear in the beam be resisted by 
arch action? 
(3) Is the strength of the concrete cantilevers greatly 
reduced if the dowel action of the reinforcement is reduced? 
In the following sections , details of the construction 
and the results obtained from this test are briefly described. 
In chapter 10 further details are given. 
6.1 The Construction of Beam FAD1. The leading dimensions 
and the properties of the materials used in the beam are 
presented in Table 2.1, and further details are shown in 
Fig. 2o8c 
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TABLE 2.1 LEADING DIMENSIONS AND MATERIALS USED IN BEAM FAD1· 
Beam Dimensions 
-
Width = 6 in. 
Effective depth = 14 in. 
Total depth = 16 in~ 
Shear span = 56 in. 
Shear span/effective depth = 4.0 
Concrete strength ~verage of 18 six inch cube tests 
= 5 ~> 380 psi. 
~forcement - Two - 7/8 in • . d i ameter plain bars. 
Stress - strain relat i onship linear to 70,000 psi. 
Ultimate tensile stress in excess of 150 , 000 psi. 
Percentage of reinforcement = 1.43. 
The bond performance o£ the reinforcement in the constant 
moment and anchorage zones of the beam, was improved by spot 
welding coils of .No.lO wire around the bars. In addition a 
few 3/8 in. stirrups were welded to the reinforcement in the 
a~o~orage zone of the bea~, and anchorage plates were attached 
to the bars at the extremities of the reinforc·ement. In 
between the constant moment and anchorage zones, .cracks were 
initiat-ed with . -22"" gauge steel sheets at 6 in. centres, 
extending to a height of 2% in. Midway between these crack 
initiators 2 x 2 x 3/16 in. steel washers (or bond plates), 
were welded to the reinforeing bars. With t ·his arrangement , 
w 
the bond forces could be transmitted t ·o the concrete cantilevers 
by bearing of the concrete against the steel plates. 
Strains in the reinforcement were measured with 
electrical resistance gauges attached to both reinforeing 
bars. In all, 36 of these gauges were used. Unfortunately 
ow~ng to faulty equipment, incorrectly stored glues, ·and the 
ct. 
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wr iter's lack of experience, some of these gauges did not work 9 
and the reliance that could be placed on any one gauge reading 
is very limited, (see chapter 10) . In addition to the 
electrical resistance gauge readings, some strain measurements 
were made on the surface of the concrete with eight inch 
demountable mechanical strain gauges (Demec) . 
To investigate the influence of dowel action on the 
strength of the concrete cantilevers~ an attempt was made to 
reduce this action in the .East span of the beam. In this 
span the reinforcing bars exposed between the bond plates 
were covered with a layer of rubber. This was intended to 
reduce bearing stresses between the concrete and the steel, 
and thus to reduce the dowel action of the reinforcement. 
H~wever, inspection of the crack pattern at the end of the 
test showed that cracks developed at the level of the rein• 
forcement in both spans of the beam at nearly the same load 
level~ From this it' was concluded that the rubber '.rrappings 
were of insufficient thickness to reduce the dowel action 
appreciably. 
6.2 Experimental Results Obtained From The Test. Nine load 
increments were applied to the beam during this test. The 
load at each increment is listed in Table 2.2. The crack 
pattern, tension force distribution in the reinforcement, 
and the strain distributions obtained on the sides of the 
beam, are shown graphically in Figs. 2.9, and 2.10. In Table 
2.2 the average value of the bond force acting on the 
concrete cantilevers is given. This value was calculated from 
the tension force distribution in the reinforcement. In 
Fig. 2.11 the average bond force is compared graphically with 
the value required for beam action, i . e. 
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Table 2.2 RESULTS OF BEAM TEST FAD1 
Load Shear Nominal Average Bond Force 
Inc . Force Shear. ·stress Measured)\- Beam. ·Action Notes 
lb. psi. lb. lbo 
1 1,630 22 770 800 
2 3,260 45 1&680 1~600 
3 4,890 67 2,470 2,400 . 
4 6,540 89 3,140 3,200 
5 8 , 180 111 3,740 4,000 
6 9,810 134 3,850 4~800 
7 11,450 156 4 , 390)\-)'( 5~600 Stirrups 
added 
8 13 , 080 178 
-
6))400 II II 
9 17,000 232 
-
8,380 
* The concrete cantilevers nearest to the support points 
are not included in this value. 
)b\- The bond forces acting on the concrete cantilevers 
supported by c lamp- on stirrups are not included in this 
value. 
Prior to load increment 6~ the tension cracks in the 
beam remained essentially vertical, and the results show 
that the magnitude of the bond forces acting on the concrete 
cantilever~ and the distribution of the tension force in the 
reinforcemen~ are in close agreement with the values required 
for beam action. At load increment 6 inclined cracks formed 
in both shear spanso These cracks extended from the former 
top of the second crack next to the support poin~ in an 
inclined direction upwards towards the load points, and 
downwards towards the support point~ The lower portion of 
this crack was presumably formed as a result of shear 
.,ntl 
transfer across the cracks by aggregat~ interlock~dowel 
actions~ Below these inclined cracks · there was a decrease 
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i n the magnitude of the bond forces sustained by the concrete 
cantilevers, and consequently there was an increase in the 
tension force in the reinforcement in the outer sections of 
the shear spanp (see Figso 2.9 & 2.11). This implies that 
some of the · shear was resisted by arching action in the 
regions of the beam containing the diagonal cracks9 
At the end of load increment 6 9 as failure appeared 
imminent 9 two clamp- on stirrups (marked F in Fig. 2.9) were 
fitted to the beam~ and the test was continued. With load 
increment 7 new diagonal cracks formed in the East spa~ of 
the beamj) and wit h these t here was a corre-sponding decrease 
in the bond forces resisted by the concl;'ete cantilevers 
situated below the diagonal cracksc Two more clamp~on 
stirrups were fitted to the beam before testing ceased~ one 
at the end of load increment ~(marked G)~ and the other a~ 
the end of increment 8 9 (marked H in Fig. 2.9). With the 
addition of the stirrups the beam appeared to behave in a 
different manner 9 with new cracks developing through the 
tension zone of the beam, Presumably truss action occurred. 
If this is correct, inclined compression forces must have 
formed in the tension zone of the beam and these forces ·must 
have closed and crossed former tension cracks. 
The new inclined cracks in the beam esse~tially 
destroyed the concrete cantilevers~ and in consequence no 
further strain readings were recorded after load increment 
8~ The addition of further load to the beam eventually 
caused failure at about 17 9 000 lb. shear. 
From the readings made on the side of the beam with 
the mechanical strain gauge~ it appears that the strain 
distribution at any section varies linearly with depth until 
these sections are intersected by diagonal cracks. In 
interpreting these results (see Fig. 2.11) it should be 
not ed that in the tension zone of the beam the .gauge rows 2 
and 3 each crossed two major ·flexural cracks 9 ·While gauge 
row 1 did not cross such a crack. 
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6.3 Conclusions_Qrawn From The Test. The results of this 
test show that the beam behaved princip~lly by beam action. 
Arch action did develop in the higher load levels, but this 
action appeared to be confined to resisting a portion of the 
shear in those regions of the beam containing the diagonal 
cracks. However, the strain readings in the reinforcement were 
not sufficiently accurate to show whether any shear was 
resisted by arch action near the load points of the beam. 
The formation of aggregate interlock and dowel cracks in 
the beam suggested that these actions may have a significant 
influence on the behaviour of the shear spano 
CHAPTER T H R E E 
THE FLEXURAL RESISTANCE OF THE CONCRETE CANTILEVERS 
It was shown in the previous chapter that one of the 
factors determining the magnitude of the bond forces that can 
be sustained by the concrete cantilevers, is the flexural 
strength of the concrete between the tops of the flexural 
cracks. In this chapter the strength of this region is examined) 
and the results of two beams that were designed and tested to 
determine this strength are presented o 
2. DISTRIBUTION OF STRESSES 
The stress distribution at the top of the concrete 
cantilevers is complex 1 as several actions contribute to the 
stresses in this localityo The most important actions appear 
to be; 
(a) the bending moment resisted by the concrete cantilever, 
(b) the shear sustained by the concrete cantilever, and 
(c) the differential curvature of the compression and 
tension zones of the beam between adjacent flexural cracks. 
Other less .important actions that may contribute to the stresses 
are discussed in chapter 6r 
The flexural stress distribution at the top of the 
concrete cantilevers is of the form shown in Fig~ 3.1. 
Requirements of continuity indicate that the vertical flexural 
strain, and hence stress, immediately above the cracks must be 
zero. The form of the distribution of the shear qtresses in 
the same region is unknown, but the average value is slightly 
greater than the shear just above the level of the reinforce= 
mento This small increase in stress is due to the reduction 
in the longitudinal crack spacing that occurs as the neutral 
axis is approached. This reduction of the effective area is 
a result of the inclination of the flexural cracks in the 
shear span of the beam. For purposes of calculation the small 
inc·rease in shear ·stress is neglected, and it is assumed that 
the average shear stress is given by the expression-
Bf 
vt = ~ (3.1). 
r 
The differential curvature of the tension and compression 
zones of the beam generates stresses:~ the distribution of which~ 
near ·the neutral axis~ is of the form shown in Fig~ 3~1~ 
Tensile stresses occur near the cracks and compressive stresses 
are induced midway between the cracks~'" As the tensile stresses 
induced by this differential curvature occur where the flexural 
stresses are small,their influence on the flexural strength of 
the section has been neglectedo However~ as the stresses 
arising from this action increase' with an increase in the 
crack spacing~ this assumption may need to be reconsidered 
if the crack spacing is unusually wide. 
3. BEAM TESTS F2 & F3 
In order to assess the flexural strength of the concrete 
cantilevers, two beams were tested< The cracks were preformed 
to prevent any of the bending moment induced in the concrete 
cantilevers by the bond force from being resisted by aggregate 
interlock action. The reinforcement for these beams was 
designed so that dowel action was reduced to a minimum. In 
* See chapter 6 section 6.3 
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(a) Direct stresses (b) Shear stresses 
<c> Flexural s-tresses 
Fig.3.1- STRESSES ACTING AT BASE OF A CONCRETE 
CANTILEVER 
the second beam the bending moment resisted by dowe l action 
was calculated from the obse~ed deflected shape of the 
reinforcing bars. Thus the bending moment sustained by the 
flexural resistance of the concrete between the cracks could 
be determined. 
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3.1 Details of Beamsc The leading dimensions ~nd details of 
the two beams are shown in Table 3.1, Fig. 3. 2 , .and they are 
discussed below. Further information on the beam and the 
test is presented in chapt~r 10 c 
TABLE 3.1 LEADING DIMENSIONS AND MATERIALS USED IN 
BEAMS F2 AND .F3 - - - -
Beam Dimen_2ions vJidth = 6 in. 
F2 & F3 Effective depth = 14 in. 
Total depth = 16 in., 
Shear span = 56 in. 
Concrete Stren_gth - average of 18 six inch cube tests 
Beam F2 = 5,910 pst. 
Beam F3 = 59425 psi. 
Rei nforcement 
-
Two 7/8 i n . d i ameter plain bars 
Stress- stra in relationship linear t o 
70 , 000 psL 
Ultimate tensile strength in excess of 
150 , 000 psL 
Percentage of reinforcement = 1.43 
The reinforcement used i n beam F2 was removed from the 
concrete and re-used in beam F3. At no Stage in ~ither t est 
did the stress in this r e inforcement exceed 50,000 psi. This 
value is well within t he linear portion of the stress- strain 
relationship for t he steel. In the anchorage zones of the 
crack 1nitiator ~. lfa· stirrup~ ID ~JJ.JJ IO~~·I •:• Iol o l ol~~o!~j~j$1 ~J .. ~~ 
. y I . I 6" 4. 1 .. ,----. Wtre spot welded Beam 'F3 · · x · x 12 "' 1 
to bars . Bars covered with foam I Bars left bare 1 .anchorage plate 
plasttc etc. . 
. - ~ 
Gauges used 
Beam F3 
-~ 
L.L 
Beam F2 
Beam F 2 
Bars "covered . with foam plastic etc. 
'"-' bond pta te 
:: 
<D 
'foam plastic 
t t wrapping etc. 
a" s trai n gauge · 
bond 
Fig.32- BEAM S F2 & F3 - DETAILS OF REINFORCEMENT 
r~ foam plasttc .~nd tape 
ha 
(7) 
IV 
beam the bond properties of the reinforcement were improved 
by spot welding coils of No . lO wire and 3/8 in. stirrups to 
both bars o An anchorage plate was also attached to the 
reinforcement at each end of the beam. 
The flexural cracks in the beams were preformed with 22 
gauge steel plates , and all but the last two cracks in each 
shear span were initiated to the mid~depth of the beam, (see 
Fig, 3.2)n The crack initiators were spaced at six inch centres 
along the beamu At the mi~-section between these1 bond plates 
consisting of 2 x 5/8 ino plate were welded to both bars. 
These plates extended to both sides of the beamo This allowed 
the strains in the reinforcement to be determined by measure-
ment of the relative movement between adjacent bond plates 
with mechanical strain gauges (Demec). 
In both spans of beam F2 ~ and in the North span of beam 
F3, the reinforcing bars were wrapped with a ~ in. layer of 
foam plastic, and this in turn was covered with polythene 
sheet and tape to prevent any penetration by mortar from the 
concrete. ~ith this spongy layer round the reinforcement no 
direct bearing stresses could develop between the concrete and 
the steel, and thus all forces applied to the reinforcement 
acted through the bond plates. By this means the dowel action 
of the reinforcement was greatly reduced. However, it was not 
eliminated as the deflections between adjacent concrete 
cantilevers caused the bond plates to rotate and deflect in a 
transverse direction relative to each other. 
In beam F3 measurements were made with a two inch 
mechanical strain gauge spanning the cracks at the level of 
the reinforcement , and inclined at an angle of 30° to the 
direction of the cracks. From these measurements , and the 
measurements of longitudinal displacement between the bond 
plates, it was possible to assess the shear displacement 
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across the cracks~ and the relative rotations between the bond 
plates. The calculated shear displacements are shown in Fig. 
3.3. As the deflected positions of the bond plates were 
known, the bending moments and shear forces resisted by the 
reinforcement in the North span of the beam could be calculated· 
on the basis of the following assumptions ~ 
· (1) The wrappings around the reinforc-ing bars prevented1; • 
bearing stresses between the bars and the concrete. 
(2) No displacements br rotat i ons could occur between the 
bond plates and the concrete in which they were embedded. 
(3) The axial tension in the reinforc·ement had a 
' 
negligible effect on the shear forces and bending moments 
sustained by the reinforcement. Assumption 1 is not applicable 
to the South span of beam F3 , as the reinforcement in this span 
was left bare· to allow dowel action to develop unimpeded. 
Assumption 2 is only applicable prior to the formation of 
cracks in the conorete in the vic i nity of the bond plat e s. 
Assumption 3 is vali d since the transverse deflection of the 
reinforcement between adjacent bond plates is small compared 
.. 
to the diameter of the reinforc-ing bars. 
3.2 ~sults of Beam ,:Iests. The proportions of the bond 
force resisted by the dowel action of the reinforcement, and 
the flexural strength of the concrete between the · cracks are 
shown in Fig. 3 . 4 and Table 3.2. The crack patterns and the 
distribution of the tension force in the reinforcement for 
both beams are shown in Figs. 3o5 and 3.6. 
The results indicat e that the behaviour ·of these beams 
was very similar. In both cases the bond forces resi·sted by 
the concrete cantilevers were very ,much less than the 
corresponding forces at the same load level in beam FADl. 
This difference in behaviour is due to the elimination of the 
65. 
TABLE 3. 2 TEST RESULTS BEAMS F2 AND F 3 
Beam Nominal Bond Force Dowel 
and Load Shear shear stress Beam action Measured action 
Span Inc. lb. psi. lb. lb. lb. 
F2 1 1,630 22 800 817 
both 2 3,260 44 1,600 1,518 
s pans 3 4,890 67 2,400 211000 
II 4 5,705 78 2,800 2,200 
It 5 6,530 89 3,2d0 2,460 
It 6 7 ,340 100 3 ,600 2,130 
It 7 8,150 111 4 , 000 1,710 
It 8 8,960 122 4,400 810 
It 9 10 , 600 144 5 , 200 
-
F3 
N";\- 1 1,630 22 800 866 -21 
S";\- 850 
N 2 3,260 44 1,600 1~550 91 
s 1,550 
N 3 4 ,075 56 2,000 1,670 143 
s 1 ,690 
N 4 4,890 67 2:~400 1l>970 238 
s 1, 970 
N 5 5,705 78 2,800 2,200 348 
s 2,120 
N 6 6,530 89 3 ,200 2,350 554 
s 2,340 
N 7 7,340 100 3,600 1 ,670 1 1 62~ 
.s 1,830 
N 8 9,960 122 North Span Failed 
s 10 12,230 167 South Span Fa iled 
* N = North Span of Beam S = South Span of Beam 
~ ignore this value (owing to the existence of cracks near 
the bond plates). 
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aggregate interlock action across the cracks o 
The maximum average bond forces that were susta i ned by 
the concrete cantilevers in both shear spans on beam F2 9 and 
in t he North shear span of beam F~were 2,450 lb., and 2 9 350 lb . 
respectively. In the N-.orth span of beam F3 dowel action of the 
reinforcement accounted f or a difference of 500 lb~ between the 
maximum measured bond force 9 and the bond f orce resisted by the 
. 
flexural resistance of the co~crete between t he preformed cracks~ 
(see Fig ~ 3~4) Q The corresponding difference for beam F2 was 
a ssumed to be 520 lb. ~his value was deduced from the a ssumption 
t hat the magnitude of the dowel action was proportional to the 
tensile strength of t he concrete; this i n turn was taken t o be 
proportional to the square r oot of t he compression strengt h of 
the concrete. Hence t he ·flexural resistance of the concret e 
cantilevers in beams F2 and F3 accounted for bond f orces of 
1 ,930 lbe and 1,850 lb~ respectively. These forces would induce 
average shear stresses in t he concrete in the tension zone of· 
the beam of 53o5 psi~ and 51.5 psi., which are approximately 
28% of the magnitude that could be expected in a normal beam 
with the same extern~l dimensions~ percentage of reinforcement 
and concrete strength.· 
4~ A QUANTITAIIVE EVALUATION OF THE FLEXURAL RESISTANCE OF 
THE CONCRETE CANTILEVERS 
In the following section an equation is derived to 
predict the flexural strength of the concrete section between 
the tops of the cracks in the beam~ In a normal beam, where 
the cube strength of the concrete is about 5 , 000 psi. and the 
percentage of reinforcement about 2 9 the shear stress in t he 
tension zone of the beam could be expected t o rea ch approximately 
180 psi. Shear stresses of this magnitude acting by themselves 
would induce principal tensile stresses of the order of half the 
direct tensile strength of the concrete. Clearl y some 
quantitative allowance must be made for the effect of these 
stresses . .. 
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If the geometrical form of the flexural stress distribu-
tion at the top of the concrete cantilevers remains the same 
for different beams, then the bending moment Mhf that may 
be resisted by the flexural resistance of this concrete is 
proportional to; 
I 
(a) the flexural tensile stress . l.n the concrete (sx), 
(b) the width of the web of the beam (b), 
and (c) the square of the crack spacing at the top of the 
.flexural crackso For simplicity this spacing is assumed to be 
proport'ional to the crack .spacing at the level of the reinforce-
ment,. Hence 
0 Mhf = K S X b s 
2 
r 
where K is the proportionality constant. 
The concrete cantilevers can be expected to fail when the 
flexural . and shear stresses induced in a region of the concrete 
lead to ·a principal tensile stress which exceeds the direct 
tensile strength of the concrete~ If the flexural tensile 
stress is Sx, and the shear stres.s v t P then the resulting 
principal tensile stress is 
s ~~s~-:=2.----2-Pt = ~ + (~) + vt 
and at failure pt = f~ o 
This equation may be re-arranged to express s 
X thus -
s 
X = f ' t [1- vt 2] (f~) ~ 
Hence the flexural resistance of the section is given by the 
expression [I 2 vt 2J (3~2) Mbf = K b s f' - (f~) I r t 
7L 
It has been assumed that the tensile strength of the 
concrete is proportional to the square root of the compressive 
strength, (ioeo f~ = c<lf:u psio)o T~e evaluation of tensile 
and compressive strengths listed by Neville34 shows that the 
averag·e value of o( is 5.,3 for concrete strengths in the range 
of 3~000 to 10p000 psi~ Substituting this value in Eq. 3.2 
and hence 
~f = bf 8 r he= Qbs/ /£cu [1 - ( ~3/cu/] 
b' 
_f= 
b [1 - < rtrc/J -----(3 .. 3)9 
where Q is a constant and bf i s the bond forc e per unit length 
of beam sustained by the flexural resistance of the concret e 
at the top of the concrete cantileverso From the average 
experimental values of the flexural resistance of the concrete 
cantilevers in beams F2 and F3 the value of Q can be shown to 
be 0~72. 
From the crack patterns of beams F2 and F3 it is apparent 
that the concrete cantilevers failed with the formation of a 
nearly horizontal crack at the level of the tops of the crack 
initiators, (i.,eo along line 1- 1 in Fig., 3~7)., In normal 
reinforced concrete beams this section does not fail , and 
instead the crack propagates on some inclined path such as 
1- 2o This shows that seetioa 1 1 oa uhieh Eq ., 3.,3 is based~ 
is likely to over estimate the flexural strength of the concrete 
cantilevers., 
In a beam with effective depth of 14 in.,g concrete 
strength of 5p000 psio (cube), 2% of reinforcement and a 
shear span to effective depth ratio of 4 , a shear stress of 
about 180 psio could be expected in the tension zone of the·· · 
beam before failure would occur~ Assuming a crack spacing of 
6 in~ and cracks penetrating to the neutral axis of the beam~ 
72 
/ / 
/ 
, 
~ crack imt"tator 
Fig. 3.7- FAILURE OF CONCRETE CANTILEVER IN. B.EAMS F2 & F3 
Eq . 3 .. 3 predicts that only 15% of the bond fore~ moment 
induce in the tension zone of the beam can be sustained . by 
the flexural ·resistance of the concrete at the top of the 
concrete cantilevers . 
5 . SOME SPECIFIC ASPECTS OF THE BEHAVIOUR OF BEAMS F2 AND F3 
There was an unusual feature in the crack pattern of 
beam F2 . By load increment 4 the cracks had extended in an 
inclined direction for some distance above the top of the 
crack initiators, but at load increments 5 and 6, instead of 
these cracks extending, new nearly-horizontal cracks formed 
from the top of several of the crack initiators. These 
extended and· finally caused the complete failure of many of 
the concrete cantilevers . An explanation for this unexpected 
behaviour can be found from an examination of the other 
experimental results . At load increment 5 appreciable arch 
action had developed in the beam, (see Figs. 3 . 4, 3 . 5, and 3 . 6) 
This action resulted in an increase in the internal lever 
arm of the flexural forces in the central regions of the beam, 
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but a decrease in this lever arm· in t he middle and outer zones 
of both shear spans. The movement of the compression force 
towards the tension reinforcement must have resulted in the 
development of compression stresses on the regions of the 
crack above the crack initiators , and consequently these 
cracks must have partly been closed , Under these conditions 
high aggregate interlock stresses could have for~ed across 
the cracks above the crack initiato~s, with a consequent 
reduction in the bending moment carried by the concrete 
cantilevers in flexure in this locality. Thus the critical 
section for flexure became the section at the top of the 
crack initiators , resulting in the formation of the horizontal 
crack. 
Dowel cracks formed in both shear spans of beam F2 and 
in the North span of beam F~ in spite of the pr ecautions that 
were taken to reduce this action. However , the formation of 
these cracks is of little significanc-e to the t ·est results , 
as they occurred after the maximum bond forces in the beam 
had been attained. The extensive cracking , which occurred at 
the top of the concrete cantilevers~ caused excessive shear 
displacements at the level of the reinforcement~ The 
magnitudes of the bending moments induced in the reinforcement 
by these displacements are sufficient to account ·for the 
formation of the dowel cracks. 
In the South span of beam F3 no wrappings were added to 
the reinforcing bars , so that dowel action in this span was 
not artificially reduced. In spite of the uninhibited 
development of dowel action in this span the magnitudesof 
the bond forces resisted by the concrete cantilevers were 
essentially the same as in the other half of the beam. Dowel 
cracks in this span formed at increment 3., (v = 56 psi.), 
n - 3 
when the shear displacement was of the order of 2 . 5 x 10 in. 
It would appear that the formation of these cracks seriously 
reduced dowel action before the concrete between the cracks 
had been fully stressed in flexure; thus resulting in no 
overall increase in the strength of the concrete cantilevers 
in this span. 
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C H A P T E R F 0 U R 
THE TRANSFER OF SHEAR STRESSES ACROSS CRACKS BY 
THE INTERLOCKING OF THE AGGREGATE __ _ 
1 • lNTRODUCT ION 
The transfer of shear stresses across tension cracks by 
the interlocking of aggregate particles has received very 
little attention previously. As noted in an earlier chapter 
a few research workers have recognised this action, no 
direct measurements have been made of it. 
ln order to examine aggregat~ interlock action in this 
project both small scale tests and a beam test were made. In 
the small scale tests fundamental aspects of this action were 
examined, and from the results an empirical . equation was 
derived,in which the shear stress transmitted across a crack 
was related to the crack width, concrete strength, and shear 
displacement. This empirical equation was then used to 
predict the shear transmitted across the cracks in the test 
beam. The results of all th.se ·tests are described in this 
chapter. 
2 . FACTORS_l~~CING AGGREGATE INTERLOCK ACTION 
Shear transfer by the int·erlocking of aggregate particles 
across a crack can occur only when the two surfaces of the 
crack are displaced relative to each other in the direction 
of the crack. This component of displacement, the shear 
displacement, causes the larger aggregate particles to act 
as small dowels. It could be expected that ·the shear 
·transfer by thi-s mechanism would depend upon; 
(a) the area of contact between the ag-gregate particles 
projecting across the crack and the concrete on the f~r side 
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of the crack~ 
and (b) the deformation characteristics of the aggregate 
particles and concrete in the vicinity of the contact area. 
The effective contact area is expected to be some 
function of; 
(1) the grading of the aggregate, 
(2) the shape of the aggregate particles (i.e. well 
rounded or angular)~ 
(3) the width of the·crack, 
and (4) the shear displacement across the crack. 
The factors affecting deformation characteristics of the 
concrete are more obscure than those influencing the contact 
area, since the properties of concrete vary in different 
directions. This can be illustrated by reference to the 
bond performance of reinforcing bars. Tests indicate* that 
to develop the same bond stress on bars lying in the 
horizontal position when the concrete was cast, as compared 
with vertical bars , much greater slip·s must occur. The 
non-uniformity of behaviour with the direction in the 
concrete is due to the occurrence of water gain. This 
phenomenon causes a soft or spongy layer of concrete to form 
on the underside of the reinforcementrand also on the lower 
surfaces of the larger aggregate particles. This layer is 
due to an accumulation of water in these regions. It has 
been found that the effect is more marked with greater depths 
of concrete belotv the bar. 
The main factors that could be expected to influence 
the load- deformation characteristics of the concrete as it 
occurs in aggregate interlock action are; 
* See chapter 5 section 4. 
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(1) the concrete strength, 
(2) the bond properties of the larger aggregate particles, 
(3) the direction of the action as related to the 
direction of casting, 
(4) the water and air content of the concrete at the 
time of casting, 
and (5 ) the depth of the concrete below the locality in 
question . 
3. DIRECT TESTS .EQB AGQBEGATE INTE~LOCK ~CTION 
Two series of small scale tests were made to determine 
the influence of crack width and cGncrete strength on the shear 
stress - shear displacement relationship for aggregate interlock 
action. Time did not permit an investigation of the other 
factors. 
Details of the procedure and apparatus used for these 
tests are reported in chapter 10. Only a brief description is 
given below. 
The aggregate and aggregate grading used for the concrete 
in these tests were the same as those used for all other 
concrete connected with this project, (see chapter 10). These 
tests were made two days after the concrete was cast, and to 
enable it to reach a sufficient strength in this time calcium 
chloride was added to the mix. 
The sequence from casting to testing of the aggregate 
interlock test specimens;which is shown diagrammatically in 
Fig. 4.1, was as follows : 
(a) The 4 x 4 x 14 in. concrete block was cast in a mould 
that consisted of two end sections and a central section. The 
concrete was cast and vibrated with the 14 in. dimension of the 
box standing vertical . 
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(b) Prior to testing the central portion of the box 
was removed , and a t in. saw cut was made around the centre-
line of the block. Gauge points were then placed on the 
concrete and the zero gauge readings were taken. Tension was 
then applied to the block so that a crack formed at the mid 
section. 
(c) The crack was adjusted to the required width; followed 
by firmly clamping one end of the block to the test' frame. The 
other end, which was restr~ined against rotation, was subjected 
to a transverse load P so as to produce pure shear across 
the preformed crack. This load was applied in several incre-
ments and at each measurements were made of the load, the 
crack width and the shear displacement. After each set of 
readings the crack width was ad j usted , if necessary, to keep 
it close to the requi red value . A minimum time of three 
minutes was allowed to elapse between the application of the 
additional load and reading the gauges. 
For each aggregate i nterl ock test block two four inch 
control cubes were cast and t e sted to determine the compress -
ion strength of the concrete. 
The crack widths and shear displacements were found 
from measurements made on both the top and bottom surfaces 
of the concrete block. The shear displacement was calculated 
from gauge readings made on two gauge lines, each inclined 
at 45° to the crack , and at 90° to each other. The crack 
width was determined from three gauge lines spanning the 
crack at right ang l es . Two of these gauges were situated on 
the top surface and the third on the bottom surface of the 
block . 
Owing to the scatter between the results obtained from 
similar aggregate interlock tests, all tests had to be 
duplicated five or six times to obtain a reasonably reliable 
concrete 
I I 
l_ _ _j 
(a) Concrete cast and 
vibrated 
keyed sides .of 
(b) Tension applied to form 
crack between saw cuts 
at mid sect ion of block 
(c) Width of crack ad just ed to requ i red 
and one end clamped to test frame 
other end loaded as shown 
val ue, 
and 
Fig.4.1- DIAGRAMMATIC REPRESENTATION OF STAGES ·lN 
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average values for each set of variables . The shear stress -
displacement curves for all tests are shown in Appendix 2. 
From these figures the differences that occurred between 
identical tests can be seen . This scatter is probably due tOj 
(a) random variations in the number and size of the 
larger aggregate particles projecting across the crack, and 
80. 
(b) the e f fect of aggregate particles torn out of the 
crack when the crack was formed. 
These latter particles .are likely to become wedged 
between the two sides of the crack. This may account for 
the development~ in a few tests, of considerable shear stress 
while the shear displacement was in the opposite direction to 
the applied load. 
3. 1 Influence of _Qf:ack W.idth (Series I). In this series of 
tests the crack wi dth was varied ~ The average shear stress -
shear displacement curves obtained from each set of tests are 
shown in Figo 4 . 2. The concrete strengths corresponding to 
these are t abul ated i n Tab l e 4 . 1. 
TABLE 4 . 1 CONCRETE STRENGTH FOR AGGREGATE INTERLOCK TESTS 
--- ON._QIFFERENT CRACK WIDTHS 
Crack3Width No . 
o f A. L ,'( Av . 4 in,. Cube 
X 10 inc Test s Strength. psi. Notes 
2.5 5 4,770 No. of cube tests 
= 70 
5 o0 6 4 >880 Av. strength = 
4.810 psi. 
7.5 6 4,850 Standard devia-
tion = 202 psi. 
10 . 0 6 4~790 Coefficient of 
variation = 
12;5 6 4 , 640 4. 2% 
15 . 0 6 4 , 930 
* Aggregate Inter lock 
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3o2 lnfluense of Concrete Strength (Series II). In this 
series of tests the crack width was held constant at 7~5 x 
10~ 3 in.~ while the concrete strength was varied. The average 
shear stress - shear displacement curves for each set of 
tests are shown in Fig , 4.3 , and the details of the concrete 
are tabulated in Table 4.2. 
TABLE 4 . 2 
Av .. 4 in. 
cube 
Strength 
psi. 
8 , 120 
6 , 530 
4,850 
2,700 
CONCRETE STRENGTHS FOR AGGREGATE INTERLOCK TESTS 
ON CONCRETE OF DIFFERENT STRENGTH 
No. of Standard Coefficient 
A. 1''( Deviation Variation 
Tests psi . %' Remarks 
6 394 4 . 9 Series II 
5 208 3.2 
" 
5 131 2.7 Series I 
5 103 3.8 Series II 
* Aggregate Interlock. 
3.3 ~ral Observations_on the Aggregate Interlock~~· 
In none of the tests did the aggregate interlock action break 
down . Failure of test blocks always occurred with the 
formation and extension of new cracks in the concrete . These 
were either diagonal cracks originating from the main crack, 
or flexural cracks ( see Fig . 4.4) . The diagonal crack was 
the most common, but the frequency of the flexural cracks 
i ncreased with the smaller crack widths (see Fig. 4.5). ~vith 
crack widths of less than 7 ~ 5 x 10-3 in. diagonal cracking 
would frequently be followed at a slightly higher load by 
flexural cracking. The formation o f either type of crack 
did not destroy the load carrying capacity of the system. 
~ith extensive flexural cracks the width of the main crack 
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w·ould decrease, and when this occurred testing stopped-. \vith 
the formation of extensive diagonal cracks, there was usually 
an appreciable inc~ease in the shear displacement, which was 
followed at a slightly higher load by an increase in the width 
of the crack near the centre of the block. This w~s brought 
about by the wedging action of the concrete bro~en away by the 
,diagonal cracks. As soon as the width of the crack could not 
be maintained at the required value the test w~s abandoned , 
When the shear-stress causing the formation of new 
cracks in the concrete is compared with the crack·w~dth it is 
found that there is a decrease in this val~e with increasing 
crack width, (see Fig . 4.5). With the narrower crack widths 
many aggregate particles may transmit shear across the crack, 
so that reasonably uniform stress conditions are likely to 
exist . However, with increasing crack width fewer aggregate 
particles can act; thus less uniform stress conditions result, 
.and consequently the higher peak stresses in this case lower 
the cracking load of the concrete. 
4 . .QQAN'I:ITATIVE ASSESSMENT OF AGGREGATE INTERLOCK ACTION 
From· the graphs shown in Fig, 4.2 and 4.3 it appears 
that the shear stress - shear displacement relationship is 
linear, when the shear displacement ·is within the limi t ·s of 
12% and 55% of the crack width. To make use of the apparent 
linearity the indivi.dual shear -stress - shear displacement 
curves were examined, ·and values of shear - stress corresponding 
to s-pecific values of shear displacement were found . A 
linear regression analysis was made on the values obtained 
from each set <;>f tes·ts corresponding ·to a certain value of 
co11crete strength or ·crack width. The ·results of thi.s analysis 
are tabulated in Table 4.3; the constants A and B in this 
table were determined for the equation 
Shear ·stress = A x Shear Displacement + B --(4. 1). 
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TABLE 4.3 RESULTS OF THE LINEAR REGRESSION ANALYSIS OF 
EXPERIMENTAL VALUES FOR AGGREGATE INTERLOCK ACTION 
Crack Concrete \ Intercept 
Width Strength Factor. Factor on displ. Correla-
10' 3 · 4 in. cube sxis tion Coef. ~n. psi. A B 10 in. 
' ' 15.8 4,930 19,726 
-
.94 4.6 .875 
1Z.5 4,640 29,466 -14,66 4998 ,920 
10.0 4, 790 32,415' 
-
9 .. 73 30.0 • 820 
7.5 4,850 55,285 -14.,10 25,5 .957 
5.,0 4.,880 78,651 
-
7. 75 9.8 .877 
2. 5 4,770 184~028 - 24,32 13.2 .956 
7.5 ~' 120 77,654 - 34.97 45.0 .928 
7.5 6,530 70,414 · -:-26.26 37 .. 2 .955 
7 ;'5 2 ; 700 36,614 . .- 17/82 48.5 .953 
From an examination of the results of this analysis it 
appears that the regression lines are in 61ose agreement with 
the experimental results for values withj,.n the range of zero . 
shear stress and the shear stress corresponding to a shear 
displacement of 55% of the crack width. Near this upper 
limit the experimental curves drop below the regression lines, 
presumably owing to the formation of the cracks in the concrete. 
' It is assumed that if these cracks had been suppressed the 
linear relationship would have extended beyond this limit. 
Thus, for the purpose of deriving a general equation for 
aggregate interlock action the upper limit to the regression 
lines has been ignored. 
In order to derive a general equation for aggregate 
interlock action from an analysis of the coefficients of 
the regression lines, it is necessary to make two assumptions. 
(1) The linear regression equations imply that a certain 
small shear displacement must occur before any shear stress is 
transmitted. It is assumed that this "no load displacement" is 
necessary to bring the aggregate particles into contact across 
the crack. If this Ls correct then the displacement is some 
function of the geometry of the aggregate particles and the 
crack width. As the aggregate grading was not changed a 
simple assumption was made, namely, the no load d~splacement 
is directly proportional to the crack width~ 
(2) The gradient of the regression lines is assumed to 
depend upon the crack width and the concrete strength. These 
two factors are taken to act independently of each other. 
Although there is no experimental evidence to justify this 
assumption, it appears reasonable if it is realised that the 
crack width determines the size of the contact or bearing area, 
and the concrete strength determines the elastic or elastic-
plasti~ response of this area. 
The "no load displacements " tabulated in Table 4.3 are 
shown graphically against each crack width in Fig. 4.7. The 
equation for this displacement, deduced from an analysis of 
these points is -
No load displacement (NLD) = 4.36 x 10- 2 x crack width· 
----(4,.2). 
In determining the value of the constant coefficient 
of this equation, the point corresponding to a crack width 
of 15,0 x 10-3 in. was rejected, because it did not follow 
the trends shown by all the other points. Also the accuracy 
of this value was considerably less than that for the other 
values. This is apparent from the relatively low correlation 
coefficient and low gradient of the regression line from 
which it was derived. 
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The scatter of values on either side of the regression 
lin·e (Fig . 4.2) shown · in Fig. 4.6 is not important. 'J;he 
value· of the "no load displacement" is small, and consequently 
it has only a mi~or effect on the final equation for aggregate 
interlock action . 
The regression lines were modified so that the "no load 
displacement" values corresponded to the values predicted by 
Eq. 4.2. The necessary correction was made by changing the 
gradient of the lines, (i.e . factor A), so that the new line 
had the correct intercept on the displacement axis, and 
intersected the original line at the shear stress correspond-
ing to a shear displacement of 33% of the width of the crack. 
This resulted in only minor changes to the coefficients of 
the r~gression lines.- The modified values are tabulated in 
Table 4 . 4. 
TABLE 4 .,4 
Crack 
Width 
xc10 3 
in. 
15 
12.5 
10.0 
7.5 
5 . 0 
2.5 
7. 5 
7.5 
7.5 
MODIFIED REGRESSION LINES FOR AGGREGATE 
INTERLOCK ACTION 
Concrete Strength 
• ·k Grad. of Grad. of Sq.root 4 in . 6 ~n. Modified Original 6 in. 
cube cube Reg, line Reg. line cub. st. 
psi. psi psi. '2 
4,930 4,740 23,045 19,726 6S.8 
4,640 4,450 29,847 29,466 66.8 
4, 790 4 , 600 33,953 32,415 68.0 
4~850 4 ~ 660 57,134 55 , 285 68.4 
4 ,880 4,680 85,209 78, 651 68.6 
4,770 4,580 178~072 184 , 028 67.7 
8, 120 7 9800 73,205 77,654 88.4 
6 ,530 6,280 68·, 922 70,414 79.2 
2,700 2 , 600 33,897 36 ,614 51.0 
~~ 4 in. cube strength = 1. 04 x 6 in . 34 cube strength 
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In Fig. 4.7 the modified gradients are plotted against 
the inverse of the crack width . Only those values correspond-
ing to concrete strengths in the range of 4 ,500 - 5,000 psi. 
are includedo Linear regression analysis of these points leads 
to the equation -
Gradient "A" = (467.0 x 1/c - 8,410) ----(4.3)< 
A physical interpretation of the above equation is that 
the bearing or contact area between the concrete and aggregate 
particles projecting across the crack is proportional to the 
inverse of the crack width, and this area is zero at a crack 
width of 55 x 10- 3in. In fact the equation can not be 
applied with any confidence to crack widths lying far outside 
the range used for the testso 
"' 'o 
200 
., )C 150 
" 
-
-0 
_.J 100 
l c 
<t .e 
t Ill 
Ill 
~ ~ 50 
.!! g' 
-co:: 
nl 
'-C) 
0 
89 
/ 
A: 45( /c- 8.410 i/ / 
v I / 
/ V · 
0 100 200 300 400 
Inverse of Crack Width - inches-1 
Fig.4.7- INFLUENCE OF CRACK WJOTH ON GRADIENT OF SHEAR 
STRESS -SHEAR DISPLACEMENT RELATIONSHIP 
80 
"' I 
.,o 
IU ..- 60 
·- )C 
-
"0 
0 Gl 
:l: s 
_.J 
- 40 
0 c 
' 0 
<( ·-t Ill 
Ill 
..., IU 
c '- . 
.!! Z' 20 
"'cr nl 
.... 
l!) 
o: 
I v I + / ---1-I 
-22,080 -/ A : 1,120 /f;u 
/ 
/ 
/ 
v 
0 20 40 60 80 1 100 
Square Root of 6" Cube Strength - (psi )12 
Fig.4.8- INFLUENCE OF CONCRETE STRENGTH ON GRADIENT OF 
SHEAR STRESS-SHEAR DISPLACEMEN T RELATIONSH I P 
/ 
' ; 
J 
I 
In Fig. 4.8 the gradients of the modified regression 
lipes are plotted against the square root of the concrete 
strengths~ for those tests in which the crack width was 
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7.5 x 10- 3 in. The linear regression analysis of these points 
leads to the equation -
Gradient "A" = 1 ~ 120 /fcu - . 22,080 
This equation can be thought of as giving a measure of 
the elastic response of the concrete in the vicinity of the 
contact area. The .applicability of this expression is limited 
to concrete strengths within the range of 2,000 to 9,000 psi~ 
It should be noted that in the above equation the concrete 
strength is based on the strength of 6 inch cubes. 
For a crack width of 7.5 x 10-3 in~ and a concrete 
strength of 4~620 psi., Eq. 4.3 gives a value of the gradient 
"A" of 53 ~ 700. Eq. 4.4 predicts the same value to be 54 , 190. 
Apportioning the difference: between these two values, in 
proportion_ to the ratio of the number of points on which the 
two equat-ions were based, the value of the gradient becomes 
53,900. On the basis of assumption 2 the two Eqs. 4.3 and 
4~4 can be combined. That is the gradients "A" of the shear 
stress - shear displacement relationship 
L120Jf -
A = _ (46~~JL ~ 8,410) ( 53~~00 
becomes -
22,080 ). 
Combining Eq. 4.2 for the "no, load displacement" with 
the above equation, the shear stress 
the crack is arrived at -
v . 
a~ 
transmitted across 
v . = (467/c - 8,410) (.0207 rF - .40_9) (6' - .0436 c) a~ v~cu s 
( 4 0 5 )., 
(In this equation the stress is in psi. and dimensions in 
inches.) 
This equation applies only to the type of aggregate and 
aggregate grading used throughout this project, and to 
crack widths and concrete strengths within the ranges of 
2.0 x 10-3 to 20.0 x 10-3 in, and 2,000 to 9,000 psi. 
respectively. 
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Beam FA4 was 'built and tested so that observations could 
be made on the occurrence . and development of aggregate inter-
lock action. In this test numerous measurements were made on 
the openings of the cracks. The values of crack width and 
shear displacement calculated from these measurements were 
then subst ituted into Eq. 4.5, so that the magnitude of the 
shear transmitted across each crack could be asessed. In 
addition to making measurements on the opening of the cracks, 
longitudinal strains were recorded along the complete length 
of the beam on both the ·steel and concrete. 
Details of the beam construction and the experimental 
results obtained from the test are given below, and further 
details are presented in chapter 10. 
The leading dimensions of the beam are tabulated in 
Table 4.5, and other details are shown in Fig, 4.9. 
The reinforcement from beam F3 was removed from the 
concrete and re-used with one modification, which involved 
the welding of short lengths of 3/8 in. deformed reinforce-
ment to the top and bottom edges of the bond plates, (Fig. 
4.9). The purpose of the additional reinforcement was to 
strengthen the concrete blocks in which the bond plates 
were embedded , and to prevent cracks from forming between 
the crack -initiators ~ The 7/8 in. diameter reinforcing 
bars were covered with foam plastic and tape in a similar 
manner to that used in Beam F2. This greatly reduced the 
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! ABLE 4?5 b£AD.ItlQ-~NSIONS bND MATERIALS USE~ IN BEAM FA4 
· Width = 6 in. 
Effective depth 
Total depth 
Shear span 
= 14 in. 
= 16 in. 
= 56 in., 
Concrete - six inch cube ~trength 
Average of 18 cubes = 5~960 psi. 
Reinforcement - 2 - 7/8 in.diameter plain bars 
Stress-strain relationship linear to 70,000 psi. 
Ultimate t ensile stress in excess of 150 ,000 psi. 
dowelling action of the reinforce~ent 3 and enabled the rather 
small actiort w·hich did develop to be assessed in · the same 
manner as in the No:J;"th span of .Beam F3~ The crack initic;ttors 
in .the beam FA4 c onsist:ed of one inch wide plast'ic strips~ 
a 'nd . these were glued to each side of the beam t o l ocate .each 
crack (Fig., 4.9). They were removed when the beam was 
stripped~ and the gap left in the concrete was filled by a 
strip of paper and plaster~ to enable the progress of cracks 
f orming at these sections to be followed. 
Strains in the reinforcement were measured with eigth 
inch and four inch gauges in the same manner as was used for 
Beam F3. In calculating the tension force from these readings 
i t was necessary to make an allowance for an initial compr~ 
ession force in the steel. This was caused by the shrinkage 
of the concrete? The method used to determine this value is 
described in chapter 10. 
Longitudinal concrete strain measurements were recorded 
along the complete length of the beam. For these readings 
0 
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0 0 
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t wo inch gauges were used at the vertical centre~l~ne~ and 
on the remainder of the beam eight inch gauges were used. 
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Crack widths and shear displacements were measured at 
the level of the reinforcement~ and at 3 in. and 6 in. above 
ito These values were calculated from readings made with a 
two inch gauge on two gauge lines, each inclined at 45° to 
the crack and at right angles to each other. 
Some of the experim~qt~l results obtained from this 
beam are shown in Figs. 4.10 ~ 4.15~ and listed in Table 4.6. 
Further results are di~cussed in later chapters. These 
figures indicate that the beam behaved essentially by beam 
action. Even at the last load increment where strain and 
displacement measurements were made, less than 7% of the 
shear was resisted by arch action< 
For the first load increments , the averag~ bond force 
which acted on the concrete cantilevers appears to be 
considerably larger than that required for beam action. This 
is possibly due to the incomplete development of the cracks 
at the low load levels, and consequently some of the t~nsion 
force may have been resisted by the concrete. This would 
have resulted in an excessive steepening of the tension force 
distribution towards the supports of the beam~ as no allowance 
had been made for any tension force that may be resisted by 
the concreteo 
A small correction has been applied to tension force 
distribution so that it corresponds to the live load acting 
on the beam~ (see chapter 10). 
In the beam the direction of the first 7 in. of the 
majority of cracks in the shear span was vertical~ the 
remainder of each crack was inclined. It was found that the 
shear displacements over the inclined portions were small, 
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TABLE 4 6 0 EXPERIMENTAL RESULTS BEAM FA4 
- ·-- -- --
Bond Force Aggregate 
Shear Beam Ex peri - Interlock Dowel Flexural 
Load Stress Action mental Action Action Action 
Inco psi. lb. lb. lb. lb, lb. 
1 22 800 
- - -
1630 
2 44 1600 2230 1825 13 1420 
3 67 2400 2540 2250 35 1370 
4 78 2800 2930 2625 50 
5 89 3200 3250 2780 60 1330 
6 100 3600 3550 3040 73 
7 111 4000 3990 3240 91 1270 
8 122 4400 4370 3510 108 
9 133 4800 4580 3580 124 1200 
10 155 5600 5250 3980 160 1130 
11 178 6400 
Note - Bond force due to dead load of beam is about 160 lb. 
average per cantilever. Measured Bond forces do not 
inc l ude this value but aggregate interlock~ dowel and 
flexural action do include it. 
and hence the shear stresses transmitted across such sections 
were minor , and could be ignored. The shears transmitted 
across the cracks were calculated in the following manner. 
The vertical section of the crack was divided into one inch 
segments ~ The shear f orce transmitted across each was 
determined from Eq ~ 4.5. In order to find the shear displace-
ment·S and crack widths at positions other than those at which 
measurements were made, it was necessary to interpolate between 
the experimental values. This was achieved by fitting a 
·second order curve to the three values of horizontal or 
vertical displacement across each crack. 
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In Fig . 4.14 the average proportions of the bond force 
resisted by aggregate interlock action, dowel action and 
flexural resistance of the concrete cantilevers are shown. 
The~e proportions were calculated by considering the bending 
moment$ acting on the concrete cantilevers. Although the 
bending moment induced by the bond force is resisted by all 
three actions, all the transverse shear due to this bond 
force must be resisted by the uncracked concrete section of 
the cantilever . The proportion of the bond force resisted by 
the flexural action of the concrete was calculated from Eq. 
3.3 -
bf = o. 72 b .;t:u s _£ h 
c 
(Note that thi s equation gives the maximum value that can 
develop.). The dowel action was found in the same manner as 
was used in the North span of Beam F3 (Chapter 3 Section 3). 
The aggregate interlock action was found by considering the 
moment these shears induced about the mid _point of the 
uncracked concrete section between the tops of the cracks, 
(see Fig. 4.16). The values of x , xb and h that were 
a c 
required for these calculations were measured from the crack 
pattern. 
From Fig. 4 . 11 it is apparent that the shear displacements 
that developed 3 in. above the level of the reinforcement were 
slightly larger than those at the level of the reinforcement. 
This shows that appreciable flexural strains must exist 
between these two levels. To investigate this phenomenon 
Fig. 4.15 was drawn to show the average values of the shear 
stresses transmitted across the cracks 5, 6, 7, 8 , 16 , 17 , 
and 18 , (see Fig. 4.13) by means of aggregate interlock 
action. On the basis of these shear stresses, the dowel 
moment~ and bond forces, a bending diagram was constructed 
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F1g.4.16 - DIMENSIONS NEEDED TO CALCULATE '. BONO FORCE 
MOMENT RtSISTEO BY AGGREGATE . INTERLOCK AC·TfON 
· for; the concrete cantilevers, (see Fig.· 4.15). It should 
be noted that in the lower sections of the concrete 
cantilevers the resultant bending moment acts in t he 
opposite direction to the bending moment induced by the 
bond force. The deformation of the concrete, which must 
arise as a result of this bending moment, . accounts for the 
observed reduction in the shear displacement that was note d 
to occur between the level of the reinforcement and a line 
3 i n. above this level. Flexural stresses calculated from 
the bending moment diagram by the equation -
f = 6M2 
b sr 
reach a maximum value of 400 psi., which is well below the 
expected . modulus of rupture of the concrete. 
From Fig. 4.13 it · is apparent that for a distance 
approximately equal to the effective depth of the beam 
measured from epch load point, there is a decrease in the 
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ma gnitudes of the shear forces transmitted across the cracks. 
This has two main effects. First, the decrease in shear 
force transmitted across two adjacent cracks in this region 
must be balanced by a force acting on the top of the concrete 
cantilevers, which induces tensile stresses in the concrete. 
In this case these stresses are of the order of 40 psi. 
Second, the decrease in shear across the crack causes a 
decrease in the bond force carrying capacity of the concrete 
cantilevers. Hence some of the shear _in this region of the 
beam must have been carried by a local arching action of the 
compression force. 
Observations on this beam test show clearly that where 
beam action predominates shear transfer across the cracks by 
aggregate interlock action is of major importance . In thi s 
beam at load increment 10, which was the last increment at 
which measurements were made, aggregate interlock action 
accounted for 73% of the bond force moment on the concrete 
cantilevers. A further 21% was resisted by flexural strength 
of the concrete and 3% by dowel action of the reinforcement. 
Some 3% of the bond force was not accounted for. In normal 
beams the dowel action of the reinforcement could be expected 
to resist about 15% of the bond force moment. This component 
would presumably reduce the proportion of the bond force 
moment that is resisted by aggregate interlock action. 
lOLr .., 
CHAPTr:R F I V E 
D~f.EL ACTION_QE_THE FLE~L REINFORCEMENT 
1 . lNTRODUf!10N 
The possible contribution of dowel action to the shear 
resistance of reinforced concrete beams has been recognised 
by many previous researcl). workers 1 • In several projects 
attempts have been made to measure this action . In the next 
section of thi s chapter some of this work is briefly reviewed , 
and in the remaining sections different aspects of dowel 
action are studied . The results of a number of tests made 
by the writer are also presented and examined. From these 
resul.ts semi - empirical equations are derived which describe 
dowel action" 
2 . BEVllliL,.OF PREVIOUS EXPERIMENTAL WORK 
~atstein and Mathey43 attempted to calculate dowel 
forces in a number of t e st beams. Their analysis was based 
on the equilibrium requirements for the free body shown in 
Fig . 5<1 , The tensi.on ·force in the reinforcement was 
measured with electrical res i stance strain gauges j and the 
centroid of the c ompressi on force was assumed to act at the 
mid-depth of the concrete above the diagonal crack . Thus , 
by considering the equilibrium of moment about this point 
(point A Fig. 5. 1) the magnitude of the dowe l force could 
be found . This approach \V'as ex.·roneous as the shear forces 
transmitted across the crack by aggregate interlock action 
were neglected , and consequent l y the analysis greatly over-
estimated the proportion of shear resisted by dowel action . 
Jone s44 tested three beams in which the shear spans 
consisted of two separated units . In these beams he measured 
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Fig. 5.1 - FREE BODY DIAGRAM USED TO COMPUTE DOWEL 
SHEAR < Watstei n and Mathey > 
separately the shear. that was resisted by (a) dowel action 
. of the f~exural reinforcement, (b) the stirrups, a~d (c) a 
device in the compression zone .of the beam. The testing 
arrangement for one of the beams is shown in Fig. 5 . 2a, and 
a few of t~e experimental results obtained are listed in 
Table 5.1. Jones discovered that quite high dowel forces 
were sustained by the tension reinforcement. He attempted 
to analyse this action by assuming that the flexural 
reinforcement with the concrete below it was equivalent to 
a beam supported by an elastic foundation. This foundation 
was intended to reproduce. the actions imposed by the concrete 
above the reinforcement. It was implicitly assumed that the 
foundation was equivalent to a set of independently acting 
springs . Thus the deflected shape of the ~einforcing bar 
could be found from a solution of the differential equation -
d4y EI = k I y 
dx4 
(5 . 1) 
where k 1 is the equiva'lent spring constant,. and EI is 
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the flexural rigidity of the equivalent beam consi.sting of 
the reinforcing bars and the concrete below themo From a 
solution of this equation and his experimental results , 
Jones deduced the following relationship for the dowel shear -
where ft is the vertical tensile stress that can develop 
in the concrete ~ and b 5 is the effective width resisting 
these stresses at the level of the reinforcement~ and 1 was 
the moment of inertia of the equivalent beam o To derive an 
expression for dowel action from a solution of Eq . 5 ~1 a 
number of approximat i ons and assumpt i ons are necessary. These 
are considered in one of the following sections i n this 
chapterG The writer can find no justification for Jones 8 
assumption that the concrete below the reinforcement should 
be included in the equi valent beam. 
. 45 Y~efeld and Thurston made direct measurements on the 
dowel capacity of the flexural reinforcement in nine 
specially designed beams o The testing arrangement is shown 
in Fig. 5 ~ 2b ~ and the results are tabulated i n Table S oL 
Dial gauges were placed on either side of the crack i n an 
attempt to measure the shear displacements. However~ the 
readings obtained are ~f doubtful value as the gauges acted 
on the tension surface of the beam, and they were apparently 
positioned a little dis t ance away from the edge of the crack~ 
·(see Fig e 5 . 2b) ~ Consequently, the d i fference between these 
two gauge readings was caused not only by the shear d i splace-
ment across the crack on the tension surface of the beam; 
but also by , (a) flexural rotation of the beam, and (b) the 
flexural rotation of the concrete be l ow the dowe l crack. 
Krefeld and Thur ston noted that when a major splitting 
crack developed along the reinforcement the dowel load did 
not always decr ease. They derived the fol l owing empirica l 
equation from their experimental results to predict the 
dowel shear that can develop ' in a beam-
-- (5.2) 1) 
where C~ is the de~th . of the cover~ concrete measured from 
the underside of the reinforcements and x is the distance 
fr6m the support point to the crack being considered. 
Lorentsen41 tested a number of special beams in which 
direct measurements of the dowel action were made. A total 
of nine beams were tested~ but only two of these were 
reinforced with bars , and the remainder contained prestress - · 
ing strands. The testing arrangement used for ·these two 
beams is ·shown in Fig. 5 . 2c , and the results are t abulated 
in Tab le 5,. L 
On the basis of his own t :ests.- ~ and those of Krefeld and 
·Thurston ~ Lorentsen derived the follow·ing empirical equation 
for dowel action -
Df = G b "H If~ (5.3), 
in··whi.ch a tentative value of 0 94 is suggested for the 
constant G , and H represented the depth of the beam. 
The reviewed work on dowel act i on has been related to 
the shear that can be transmitted across a single crack. 
The r esults of this wot~k cannot be applied where dowel 
action develops ~cross a series of cracks) as in the region 
of a beam containing t he concrete cantilevers . 
The deflected shape of a r einforcing bar embedded in 
concrete is related to the transverse l oading by the 
TABLE 5.1 EXPERIMENTAL RESULTS OF DOWEL · BEAMS TESTED BY JONES, LORE~TSEN, AND KREFELD AND THURSTON 
Beam* 
Mark 
a J18 
b MD5 
b MD6 
c DA2 
c DA3 
c DAl 
c DA6 
c DA7 
c DA9 
c DAB 
c DA5 
c DA4 
Beam Size 
b 
in . 
5 
5 . 6 
5.8 
6 
6 . 12 
6 
8 
8. 12 
6 
6 
6.25 
6 
d 
in . 
9. 19 
6. 9 
7. 3 
D 
in. 
12 
9 . 9 
9.9 
10. 10 112 
10.06 12 
10.06 I 12 
10.11112 
10.08 I 12 
10.06 15 
10 . 66 15 
9. 9 12 
9.9 12 
3 
bl 
in. 
4.58 
4.78 
4.25 
4.38 
4.25 
6.25 
6.38 
4.25 
4.25 
co 
in . 
2.81 
3. 0 
2. 6 
2. 38 
2.38 
2.38 
2.38 
2.38 
5.38 
5. 38 
3 . 99 I 2 . 62 
3. 75 I 2.62 
* (a) Tests carried out by Jones 
Reinforc ing 
Bars 
No. Diameter 
in . 
4 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
- 1 in.sq. 
- 3 . 
- "t: 1.n. sq . 
- 1.02 
- 1.02 
.875 
.875 
.875 
. 875 
. 875 
. 875 
.875 
2 - l.l2!> 
2 - 1,125 
(b) Tests carried out by Lore.ntsen 
(c) Tests carried out by Krefeld and Thurst on 
Concrete 
Strenath 
f I I f I p~i. p~i. 
10,710 1,180 
4,550 660 
5,920 775 
2,650 460 
2,650 460 
2,290 410 
2,620 450 
2,600 450 
2,390 430 
2,390 430 
2 '770 460 
2 , 770 460 
.!S. 
c 
.19 
.09 
Dowel Force 
Ultimate 
Test I Eq . 5 . 2 
lb. lb . 
5,700 
3,960 3,510 
3,300 4,160 
.20 13,575 I 3 , 480 
. 13 ·I 3 , 150 3,550 
. 1 o I 2 , ooo I 3 , 240 
.20 13,250 14,610 
.o8 12,750 1 4,680 
. 45 14 , 500 1 4, 140 
. 22 l3,5oo I 4,140 
• 22 I 3, 600 I 3, no 
.11 12,950 1 3,560 
Eq. 5 . 3 
lb. 
2,580 
1,950 
3 , 620 
3,010 
2,370 
4,170 
3,060 
4 ,460 
3,650 
3,850 
3,010 
1 (Cracking 
Load) 
Eq . 5. 7 
lb. 
6,100 
(Approx) 
3,520 
4,320 
2,320 
2,400 
2,070 
3,340 
3,420 
2 ' 180 
2,180 
2,820 
2,640 
1-' 
0 
CX> 
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shear 
strain gauges/ 
(a ) Divided · Beams 'test ed by Jones 
I I u LJ 
2, ... 
< b') Dowel Beams Tested by Kref eld and Thurston 
compression 
(c ) Dowel Bearns Tes\:ed by Lorentsen 
Fig. 5.2 - ARRANGEMENT OF DOWEL TES TS MADE BY JONES, 
KREFELD AND THURSTON, AND LORENTSEN 
following equation 
-
d4y 
= 
Px 
dx 4 EI 
where Px is the load 
and EI is the flexural 
intensity on the bar at t he 
rigidity of the reinforcing 
concrete acting with it . In analysing dowel action 
46 . Friberg and · others have made the assumption that 
proportional to the deflection of the bar. On this 
equation simplifies to -
= 
u 
EI 
ltO. 
point x , 
bar and the 
44 Jones , 
P is 
· x 
basis the 
(5 . 1) 
where k' is a constant. This equation is based on the 
approximations and assumptions discussed below. 
(a) Replacing the loading function Px by the term 
k'y is equivalent to assuming that the reinforcing bar and 
the concrete acting with it may be c onsidered as a beam that 
is supported on an elastic foundation . This foundation is 
assumed to be equivalent to a set of independently acting 
springs _ (see Fig. 5 . 3). The assumption is not altogether 
correct, since one fibre of the concrete cannot be d i splaced 
independently of neighbouring fibres . However, experimental 
results obtained in this. project indicate that the majority 
of the deformation in the concrete resulting from the dow~l 
~ovement takes place in the immediate vicinity of the bar, 
and consequently the error involved in this assumption is 
likely to be small . 
(b) When the reinforcing bar bends tangential displ-
acements develop between the concrete and the steel, and 
these movements induce bond stresses . In effect a composite 
action takes place between the reinforcing bar and the 
surrounding concrete 9 Clearly this action influences the 
magnitude of the flexural rigidity EI used in ~~~S~2~ 
This aspect was investigated experimentally in the ;p~e&ent 
project. Three dowel tests were made with reinfor.cfumg 
bars that were polished and lightly greased. Comparisem 
between these and similar experiments with deformed bars 
indicated that the loss of bond caused a reduction of 14% 
in the load carrying capacity, and an increase of 34% in the 
ultimate deflections of the dowels, (see Tables 5.2 and 5.4). 
To obtairi a solution to equation 5.1, it is necessary to 
,. 
assume that the equivalent EI value of the reinforcing bar 
and concrete is constant along the bar. 
equivalent beam consisting 
of reinforcement and 
concrete acting with 
reinforcement 
- concrete equivalent to a set of 
independently acting sprmgs 
Fig.5.3- THEORETICAL MODEL FOR ANALYSIS OF DOWEL ACTION 
, 
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(c) ·The stresses in the concrete and the reinforcing 
bar are assumed to remain in the elastic range. This assump-
tion is not valid for concrete immediately before cracking47 , 
and hence when an attempt is made to predict ultimate dowel 
capacity some error is involved. 
(d) The effect of axial load in the reinforcement is 
ignored . as the transverse deflections are small, and hence 
bending moments i n duced by the a xial force~ are negligible. 
4. FACTORS INFLUENCING DOWEL ACT ION 
The magnitude of the dowel load causing cracks to form 
in the concrete can be expected to depend on the strength and 
area of the concrete able to resist the ten sile stresses , and 
on the relative stiffness of the concrete and the bar embedded 
in it , (i.e. on the value of the k ' /EI term in Eq . 5 . 1). 
These factors can in turn be related to; 
(a) the width and length of the concrete block in which 
the reinforcing bar is embedded, 
(b) t he con crete streng t h , 
(c) the diameter of thG reinforcing bar, 
(d) the bond properties of the reinforcing bar , 
(e) the bond properties of the concrete, 
and (f) the elastic properties of the concrete. 
The last two factors depend to a large extent on the position 
and orientation of the reinforcing bars, because when a cast 
is made a mortar rich in water and air rises through the 
concrete forming laitance. Some of this mortar may become 
trapped below the reinforcing bars, and in consequence a 
soft layer of concrete is formed in these regions. This 
h h . h . k . 48 d' t . 49 p enomenon, w ~c ~s nown as water ga~n , or se ~men at~on , 
has been observed to have a marked influence on the bond 
performance of reinforcing bars. It has been found that the 
113 . 
bond performance of vertically positioned bars is considerably 
better than horizontally p l aced bars, and that as the depth 
of concrete below the bar is increased water gain increases 
and the bond performance deteriorates . The experimental work 
in this project has shown that there is a similar effect on 
dowel action . ~hen a dowel is loaded towards a zone affected 
by water gain greater movements occur than when it is loaded 
in the opposite direction. ~ater gain reduces the stiffness 
of the concrete i mmediately under the bar , and furthermore the 
area of the affected zone appears to increase with increasing 
depth of concrete be l ow the bar • 
5. DISPLACEMENTS CAUSING DOWEL ACTION_!N R~[~ 
CONCRETEBE~ - -- . --
Shear displacements develop in a beam as a result of two 
actions; namely, the flexural rotation of the concrete canti-
levers (Fig . 5 . 4a) , and the opening of an inclined crack , 
(Fig. 5.4b) ~ With this latter movement a rotation also occurs 
between adjacent concrete cantilevers . This does not by itself 
cause any shear to be transmitted across the crack , but it does 
result in the formation of tensile and compressive stresses in 
the concrete (Fig . 5 ~ 4d)~ These stresses oppose the tensile 
stresses resulting from the shear displacements , (Fig ~ 5 . 4c). 
In the mathematical analysis of dowel action in this 
project no direct quantitative allowance had been made for the 
influence of the rotation on the dowel capacity. However, it 
will be apparent from the preceding discussion that by 
ignoring this factor the equation derived is likely to slightly 
under-estimate the maximum dowel capacity , 
6 • DOWEL :IT§1.§. 
In this project two different types of tests were made on 
,_...:_. 
~ ·. 
•J ":~, . 
(a) Shear Displacement due to 
Bending 1n Concrete 
. . . 
Cantilever·s 
I 
i ----
- I 
. - - ·i- --
Shear Displacement 
(C) 
1·14 
<b> ~l)ear: Displacement and 
Rotation between· Concrete 
Cantile.vers due to Bend ing 
of Compression Zone 
· · Rotation 
(d) 
Bearing Stresses between Remforcing Bar· and Concrete 
-
Fig. 5.4 -·DISPLACEMENTS CAUSING DOWEL ACTION AND STRESSES 
ARISING FROM THESE DISPLACEMENTS 
dowel action . The f:Lrst series was designed to investigate 
the shear transmitted across the cracks between the concrete 
cantilevers , and the second to assess the shear transferred 
across the last crack in the shear span v 
The effects of the following factors were investigated 
experimentally; 
(a) the water content of the concrete mix, 
115 .. 
(b) the position of the reinforcing bar in the concrete , 
(c) the length of the dowel, 
and (d) the bond properties of the reinforcing bar . 
The influence of the f irst two factors was investigated as i t 
was thought that they would affect the extent to which water 
gain might develop in the concrete . 
The sequence of operations from casting to testing of 
' the dowel specimens is briefly described below. Further 
details may be found i.n chapter 10 .. 
(a) The concrete was cast and vibrated with the reinforc -
ing bars lying in the horizontal plane . 
(b) The mould was removed , and gauge points for a 
mechanical strain gauge were added at the positions shown 
in Figs. 5 . 5 and 5 . 7 ~ 
(c) The test was made when the concrete was two days 
old . Approximate l y ten load increments were applied to each 
block before fa i lure was produc ed . At each load stage a 
minimum period of three minutes was allowed to lapse before 
the displacement of the dowel was measured and the load 
recorded ~ 
6"1 Dowel_Tests - Series l , The loads applied to the test 
blocks in the first series of tests are shown in Fig, 5 . 5 . 
During the tests strain and displacement measurements were 
made with a four inch mechanical gauge. The locations of these 
measurements are shown in the figure. 
In the first series of tests sixty- three specimens 
similar to the one shown in Fig. 5.5 were tested. The variables 
included in these tests were; 
(a) the length of the concrete block , (sr =·3i ) 5i , 
and 7i in.), 
(b) the water content of the concrete ~ (6.45 , 7.00 and 
7.45% of the dry weig?t of aggregates. This gave the concrete 
slump values of ~' 2, and 4 in. respectively.) 
(c) the type of bar) (~ in. diameter - plain, deformed, 
and polished and lightly greased), 
and (d) the position of the bar in the concrete, (placed 
horizontally with 2 or 8 in. of concrete below the centre of 
the bai). 
The dowel shear was applied to the reinforcing bar at a 
distance of a t in. from the surface of the concrete, and the 
movement of the bar was measured 1~ in . from same surface. In 
the analysis of the results it was decided to determine the 
equivalent values that could be expected to develop if the 
dow.el forces had been applied at the surface of the concrete. 
The equivalent dowel force, Df , was . estimated from the 
experimental values by .equating the moments induced by the 
applied dowel forces, .and the equivalent dowel f .orces acting 
at the surface zf the conc.rete . (i.e. Df = measurement dowel 
sll+~-
shear x ( r 2 ))• The displacement 11 J" of the dowel at 
S II 
r 
the surface of the concrete, was calculated from the measured 
displacement on the assumption that the bending of the bar was 
negligible, 
S II 
(L e. cf = measured displacement ( 
8 11
r + ~) ) • 
r a 
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The corrections applied to the experimental measurements» 
to obtain the equivalent values of dowel force and displacement 
at the surface of the concrete~ were small . Consequently 
errors associated with these have only a minor influence on 
the magnitudes of the determined values , All the results 
listed in this thesis have been modified by these factors. 
Owing to the scatter between identical tests it was 
necessary to repeat all experiments , usually up to six times ~ 
in order to obtain reasonably representative results for each 
set of variables. Typical l oad deflection curves obtained 
from two sets of tests are shown in Fig ,. 5.6~ These curves 
illustrate the magnitude of the differences in behaviour 
between identical tests, The important results from all 
tests in this. series are given in Table 5.2:P and additional 
information on the load displacement curves is presented in 
Appendix 3. 
6.2 Dow~ests Ser~~-11 · Four tests were made in this 
series to study dowel action as it occurs over the last crack 
in the shear span, The loading frame used for these tests 
was designed to have little resilience , to allow measurements 
to be made of both load and displacement in the eventuality 
of a decrease in the dowel load when cracks formed in the 
concrete~ The testing arrangement is shown in Fig. 5.7. 
The reinforcement in each specimen consisted of a 
single ~ in . diameter deformed mild steel bar . During casting 
of the concrete the bar was located 2 in. above the bottom 
surface of the mould, but for testing the test block was 
turned upside down , 
The load deflection curves obtained in the tests are 
shown in Figs . 5.8, and the main results are tabulated in 
Table 5.3~ 
n:s::l 
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TABLE 5.2 EXPERIMENTAL RESULTS OF DOWEL TESTS SERIES I 
Mix Details of Properties Displacements on both 
No . Specimen of Concrete sides at failure . 
% and psi. Compr .• Tension Sum 
X 104in. x l04in. x 104 in. 
sr = 5.875 in. Water = 7. 00%* 13.6 18.7 32.3 1* . plain bars feu = 4,850 11.3 8 . 5 19.8 
top position fr = 565 8.0 8.0 16.0 
sr = 5.875 in. Water = 7.00% .. 22 . 6 11.0 33.6 
2 deformed bars feu = 4,710 39. 7 6.9 46.6 
top position fr = 547 15.0 9 . 0 24.0 
s = 5.875 in. Water = 7.00% 6.3 13.2 19 . 5 
3 ' (a)d~formed (b)+(c) feu = 4,880 7.8 12.7 20.5 
plain - bot.pos . f = 566 5.3 14.3 19.6 r 
sr = 5.875 in. Water= 7. 00% 9.2 16.6 25.8 4 (a)plain (b) + (c) f = 5,010 6.7 19.7 26.4 
deformed. bot.po~. f cu = 581 7.2 16 . 9 24.1 r 
Sr = 3 . 875 in . Water = 7. 00% 7.2 . 9.4 16.6 
5 deformed bars feu = 5,080 8.2 12.2 20.4 bottom position fr = 590 7.1 11.0 18.1 
sr = 3.875 .in. Water = 7.00% 5.5 13.1 18.6 
6 aeformed bars feu = 5,090 8.0 13.2 21.2 
bottom position fr = 590 6.6 18.3 24.9 
sr = 7.875 in. Water = 7.00% 10 .• 5 12.9 23.4 7 deformed bars feu = 4,780 7.2 6.7 13. 9 
bottom position fr = 554 9.0 11.1 20 . 1 
sr = 7.875 in. Water= 7.00% 5 . 9 15.8 21.7 8 deformed bars feu = 4,680 8 .• 6 10.2 18.8 . 
bottom position fr = 542 9.7 14.3 24 . 0 
sr = 5.875 in. Water = 7.00% 9.4 13.3 22.7 9 deformed bars feu = 4,850 9.6 12.8 22.4 
.bottom position fr = 562 9.5 13.3 22.8 
Max. Dowel 
Load . Dfc 
lbs. 
867 
830 
794 
527 
. 471 
697 
1,341 
1 , 209 
1,280 
1,280 
1,163 
1 ,452 ·. 
800 
855 
855 
780 
952 
785 
1 ,250 
1,123 
1,280 
1,040 
1,123 
1,270 
1,496 
1,280 
1,490 
Dfc 
f b' 
r 
in. 
.72 
.69 
.66 
-
. 45 
. 41 
. 60 
-
1.12 
1.00 
1.06 
-1.04 
.94 
1.18 
-
. • 64 I 
· .68 I 
. 68 
-
. 62 
.76 
.63 
. 
1.06 
.95 
1.09 
.90 
.98 
1.10 
1.25 
1.07 
1.25 
continued ~ 
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Table 5.2 - continued 
Mix l>etails of Properties Displacements on both Max. Dowel 0fc 
i 
No. Specimen of Concrete sides at failure Load. _.Dfc- · 
% and psi. Compr. Tension Sum f b' 
x 104in. x 104in. x 104in. 
r 
lbs. in. 
s = 5 . 875 in. Water = 7. 00'1. 8.8 14.9 23.7 1,280 1.08 
10 d~formed bars feu = 4,800 8.6 15.4 24.0 1,386 1.17 
bottom position f = 556 7.2 13.3 20.5 1 '119 .95 r 
sr = 5.875 in. Water = -7,00% 5.7 20.6 26.3 1,065 .94 
11 deformed bars feu = 4,630 9.8 15.8 25.6 1,217 1.07 
bottom position fr = 537 9.4 18.3 27.7 1,280 1.12 
sr = 5 . 875 in. Water= 7.45% 6.3 17.8 24.1 1 '172 1.03 
12 deformed bars feu = 4,640 5.4 16.0 21.4 849 • 76 
bottom position fr = 538 8.3 15.9 24.2 1,280 1.12 
sr = 5 . 875 in. Water= 7.45'1. 10.4 14.9 25.3 1,496 1.28 
13 deformed bars feu = 4,730 7.7 16.4 24.1 1,065 .91 
bottom position fr = 548 7.3 10.7 18.0 1,230 1.06 
sr = 5 . 875 in. water = 6.55'1. 8.8 18.4 27.2 1 '172 .95 
14 deformed bars feu = _5 , 040 8,4 17.1 25.5 1,065 • 86 
bottom position fr = 583 7.4 19.8 27.2 1,045 • 84 
sr = 5.875 in. Water = 7 .001. 7.6 . 20.7 28.3 1,065 . 90 
15 polished greased feu = 4,830 9 . 6 23.0 32.6 957 • 81 
bars. bot.pos. fr = 560 10.8 23.8 34.6 1 '172 .98 
sr = 5.875 in. Water = 7. 00% 22.9 6.8 29.7 635 .51 
16 deformed bars feu = 5,060 . 24.7 8.8 33.5 688 .55 
top position fr = 586 22.5 11.4 33.9 741 .60 
sr = 5.875 in. Water = 7. 00'1. 14.8 8.9 23.7 849 .76 
17 deformed bars feu = 4,520 14.5 16.0 30 . 5 794 • 71 
top position fr . = 525 20.2 6.9 27.1 635 .57 
sr = 5.875 in. Water = 7.45% 5.5 9.5 15.0 . 800 .66 
18 deformed bars feu = 4,930 15.8 11.5 27.3 635 .52 
top position fr = 573 13.6 10.4 24.0 635 .52 
-----··· -·-
continued 
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Table 5 . 2 - continued 
Mix Details of Properties Displacements on both Max. Dowel Dfc No. Specimen of concrete sides at failure Load . Dfc 
--
% and psi. Compr. Tension Sum f b' 
x 104in. x 104in. x 104in. 
r 
lbs. in. 
sr = 5.875 in . Water = 7.45% 16.7 8.8 25.5 688 .61 
19 deformed bars feu = 4,580 32.0 18.0 50.0 688 .61 
top position fr = 532 11.4 17.0 28.4 741 .66 
sr = 5.875 in. Water = 6.45% 6.7 15 . 7 22.4 740 .59 
20 deformed bars feu = 5,100 12.9 13.1 26.0 849 .68 
top position fr = 592 5.1 15.7 20 . 8 688 .55 
sr = 5.875 in. Water = 6 . 45% 19.7 10.7 30.4 794 .66 
21 deformed bars feu = 4,890 21.0 8.5 29.5 630 .53 
top position fr = 566 13.2 10.2 23 . 4 688 .57 
'--- - -----------·-
Cube strength "feu" is average strength measured on six to eight four inch cubes. 
Modulus of rupture "f " is a calculated value (i.e. f = .1160 f , the coefficient was taken from 
reference 34). r r cu 
Water in mix given as a percentage of dry weight of aggregates. 
In mixes 1, 2, 3 and 4 the moulds were not sealed, and as a result some leakage of fines occurred. 
All dowels consisted of 7/8 in. diameter bars. 
,... 
N 
N 
TABLE 5.3 EXPERIMENTAL RESULTS DOWEL TEST - SERIES II 
Mix Details of Test Properties of Displacements at Maximum Df 
No. Concrete Cracking Maxm.Load Dowel Load 
x 104in. x 104in. Df lb: f b ' r 
Clear length bet- Water = 7% 16.0 16.0 1,650 1.20 
22 ween dowel and fr = 555 psi. 10.0 10.0 1,516 
1.10 . 
support = 9 in. f = 4700 psi. 6.5 18.3 . 1 ,290 • 94 
~ in. def-ormed in cu 7.7 16.0 1,200 .87 
bottom position 
1.-- -·-··-
-
---- ---- '-- ----------- ------------- - -
TABLE 5.4 SUMMARY OF RESULTS OF DO#EL TESTS ~ITH DEFORMED REINFORCEMENT - SERIES II 
Mix Details of Test Values of Df Dowel D~splacements 
Nos. Specimen j)i"f Compr. side Tension side 
cr r- (> tr ~e~ v Mean o- (! Mean . -1 % x104in. x104in. % x104in. x104 in • % l.n. l.n. 
. 
5 , 6 bottom :iowels .67 .04 ~ 7 .o 7.1 .9 13 11.0 3. 3 30 
sr = 3. 875 in. 
7,8 bottom dowels 1.01 .075 7. 4 8.5 1.5 18 11.8 3 . 0 25 sr = 7.875 in. 
9,10,11, bottom dowels 1.04 .144 13.8 8.2 1.4 17 15.8 I 2.5 16 I 
12,13,14 sr = 5 . 875 in. I 
16 , 17,18 top dowels 
.6 .064 10 . 7 16.3 6.8 42 11.5 3.4 I 30 19,20,21 sr = 5. 875 in. 
22 bottom :iowels 1.03 .130 12.6 ' 15.1 3 . 9 36 9 in. ':. - -sr 
-
~=standard deviation CF coefficient of variation 
I 
! 
1-' 
N 
w 
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7 . DIS.QUSS ION OF EXPERIMEN1:AL_B12QLT~ 
In the firs t four sets of tests (Nos . 1- 4, Table 5.2) 
leakage occurred from the moulds. This may have al l owed the 
concret e to settle. As the reinforcing bars were screwed to 
the sides of the mould ~ such s·ettlement is likely to have 
r e sulted in the formation of a cavit-y below the bars . This 
may be the reason for the l arge dowel displacements and l ow 
ultimate l oads that were obs erved in the second set of tests . 
Owing to the poss i ble affects of leakage ~ these four sets of 
tests have not been used for any quantitative anal ys i s of dowe l 
action, 
The Influence of Water Cont ent of Concre~e. This fac t or 
appears to have had no apprec i abl e i nf l uence on the experimental 
results ~ 
7 ,, 2 ~nc.§_,Qf the Bon.sL; It was noted earlier in t h is 
chapter that an i ncrease i n the bond performance of the rein-
forcement woul d increase the effective stiffness of the rei n-
forc i ng bars and concr ete act ing with it . Consequent l y an 
improvement of bond perfor mance could be expected to result 
i n an increase in the l oad car ryi ng capacity of a dowe l . The 
experimental resul ts show thi s expect ed trend . Wi t h reference 
to Table 5 . 2 ~ for mi xes 9 , 10 , and 11 , i n which deformed bars 
were used , the aver age va l ue of the factor Df/b'fr ·is 1.10 
in. , and the average va l ue o f the s um of t he displ acements on 
24 0 10- 4 . T both sides of the b l ock at failu r e i s • x ~n . he 
corresponding va l ues obt a i ned from mi x 15 ~ in which polished 
and greased bars were used , were . 9 in~ - ~ and 31~8 x 10- 4 i n . 
In spite of the signif i cant differ ence between these 
two tests , one i n whi ch good bond conditions exi sted and in 
the ot·her very poor cond i tions , there appears t o be no apparent 
difference in the dowel performance of t ·he deformed and p l a i n 
125 . 
bars used in the first four mixes . This implies that for the 
range of reinforc ement in common u s e the differences in bond 
characteristics have little effect on the dowel cracki ng load . 
7. 3 The lnfluence_Qf_the Position of the D~lL The experi -
mental results show a very significant difference in performance 
between bars located at the top and bottom position of the 
moulds . The phenomenon of water gain appears largely to account 
for this difference . 
(a) Defl~t io~. Water ga i n , as noted previously, causes 
a soft region of concr ete to form on the lower surface of 
horizontally posit i oned reinforcing bars . Consequently if a 
reinforcing bar is loaded by a dowel shear towards the affected 
region it moves fur ther than if the shear was in the opposite 
direction . This is demonstrated very clearly in these dowel 
tests , For bottom dowels , mixes 9 - 14 (Table 5 . 4) , the water 
gain affects the tens ion s i de of the block. The average 
displacement on the compress i on s i de . at failure was 8 . 2 x. 10- 4 
in./: and on the tension side 15 . 8 X 10- 4 in ~ For the top 
dowels~ mixes 16 - 22 3 the water gain influences the compression 
side of the block The average displacement of this side at 
failure was 16.3 X 10 -4 in . and the tension side 11 . 5 X 10-4 in ~ 
In the bottom bar s water gain causes the affected s i de of the 
dowel to move 1 . 9 times as far as t he other side , and for top 
bars the same ra~ io i s 1 to 1 .4 . 
(b) Qgw3.Lilizackin~aq. There is a marked difference 
between the strength of bars located in the top or bottom 
position in the moul d during casting . For bottom bar~ (mixes 
9, 10, 11, 12 , 13 , and 14), the average value of the factor 
Df/b ' fr was 1. 04 in,, and for top bars , (mixes 16, 17 , 18, 
19 , 20 and 21) the value was 0 . 60 in . (i . e . the strength of 
the top bars averaged only 58% of the bottom bars . ) 
1.26. 
764 ]BfluencewQf_Length_Qf_QQwel. For the development of 
dowel action in a short concrete block , it can be assumed that 
the displacement of the bar in the concrete va~ies linearly 
with the length along the block, (see Fig. 5.9) . With 
reference to this figure, let the elastic response of the 
concrete in the area affected by water gain be k 1 , and in 
the area not affected~ k 2 ~ If the dowel displacements at 
the extreme fibres of the blocks are cr a and 6 b and the 
corresponding stresses f . and fb , then 6 = f /k1 $ and a a a 
0 b = fb/k2 • Let the value of §a be R times 6 b ~ For 
equilibrium to be satisfied the moment of the dowel forces 
must equal to the moment resisted by the stresses , hence -
f by s 2 2 f b i 6 b '2 2 
Df sr = T ( J: !db) 3 sr = 7 ( ba + J'b ) 3 sr 
This simplifies to -
Failure occurs when the tension stress in the concrete reaches 
the cracking stress~ (Leo the modulus of rupture) , thus for 
bottom bars the cracking load "D II is given by -fc 
D = 1 b ' f (1 R ) ' 5 + R fc 3 r r 
and for top bars 
-
1 b ' 1 D = s f <r+it) . fc 3 r r 
lL it is assumed that the ratio of k 1 to k 2 is the 
same for both top and bottom bars , then the ratio of the 
strengths of top and bottom dowels is 1 to R , which is 
the same as 1 to jk;Jk1 This assumption appears to be 
reasonable, since in the tests the ratio of the deflections 
of the reinforcing bar between the two sides of the concrete 
block remains very nearly the same for both top and bottom 
s,. 
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bars . The ratio of deflections for all bottom pars of deformed 
reinforcement in series I is 1 to 1 . 75, and the equiva l ent 
value for the top bars is 1 to 1.42 . 
An expression for the dowel cracking load, in the case 
where the concrete block containing the bar is long, can be · 
found from a solution to the equation -
= ~ EI ------(5. 1) o 
However, it must be remembered that the mathematical model 
on which t his equat i on i s ba s ed does not necessarily accur ate l y 
represent the actual physica l conditions ~ (see Chapter 5 
section 3) . 
For 11 l ong11 dowels , l oaded as i n F ig . 5 . 9 , it can be 
shown50 that the deflect ion at the extremity of the dowel is 
·given by the expression -
df A 
= 2 k ' 
where k ' equals the elast i c response of the concrete . and 
Dowel cracking occurs when the stress in the concrete is equal 
to the modulus of rupture , hence -
d'a k 1 = b'fr= 2 Dfc ~ • 
The value of the flexural r i gidi ty ( EI) in this expression 
depends on the arrangement , the s i ze and number of ba rs , and 
the bonding ·properties between the concrete and r e inforcement< 
In this project there was very little experimental work on 
these aspect s . It is assumed that the value of the composite 
flexural rigidity of the reinforcement and the concrete (El) 
129. 
is proportional to the flexural rigidity of the reinforcement 
acting by itself (E I ), ~ . e . 
s s 
EI = C' E I 
s s 
where C 1 is a propo~t~6naiity · constant.). With this substitu-
tion the expression for the dowel force can be simplified to -
D = ~ • f r 4J 4C ' E s 1 §. , 
fc 2 k~ 
If the ratios of C'/k1 and . C' /k2 are assumed to remain the 
same in top and bottom bars, then the ratio of dowel cracking 
loads for these two cases is 1 to ~~2/k1 • 
To find a solution to Eq . 5 . 1 for dowels of intermediate 
length, an allowance hak to be made for the change in the 
elastic properties of the concrete with the direction of 
displacement of the bar, and hence Eq . 5 . 1 becomes -
d4 kl 
syf= C 1 E I 
dx s s 
= 
for displacements into the zone affected by 
water gain 
for displacements away from the zone affected 
by water gain . 
-----(5. 4). 
From a solution of these equations it is possible to find a 
relationship between the dowel cracking load and the length 
of the dowel. Such a relationship is shown by two curves in 
Fig . 5.9, for top and bottom dowels for a case where k 1 = 
-· I. 2. 90 k 2 , and the ratio of c1 to k 1 remains the . .:same1 for 
both positions of the bar. 
In Fig. 5 . 10 the values of the maximum loads measured 
in the tests with deformed bars are plotted against the length 
of the concrete block in which each dowel was embedded . These 
results appear to confirm the theoretical trends ae.parent ·.in 
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7.5 Variation_]et~~n Similar Tests. In T~ble 5.4 the mean 
values~ standard deviations, and coefficients of variation 
are listed for all the dowel tests made with deformed bars. 
An examination of the table shows that the variations in the 
listed factors are too great to be accounted for by differences 
in concrete strength alone. A possible explanation for this 
is that the response (k 0 ).of the concrete varied locally. A 
large aggregate particle situated close to the bar wou l d 
presumably cause a local increase in this response; thus 
resulting in the formation of high local stresses in the 
concrete. Such a situation could lead to a premature tensi l e 
failure of the concrete, If t his supposition is correct l'l the 
strength of the dowel. depends to a considerab l e extent on the 
chance positions of the larger aggregate particles in the 
vicinity of the reinforcement. 
7.6 1.2n&-I2.2:si!U--1:2§,t?.l. The load- displacement relationships 
for the long dowel tests are shown in Fig. 5.8. In two of 
the four tests short cracks ~ about half an inch long 9 were 
found before the maximum load was reached. At the maximum 
load these cracks extended for some considerable distance 
(L e. 3 ., 5 in.). In the remaining two tests c·racks did not 
form until the maximum load was reached; but at this stage the 
cracks formed and propagated four to five inches at the level 
of the reinforcement. This crack propagation was accompanied 
by a decrease in the load ~ and attempts to increase it merely 
caused cracks to extend further towards the support point. 
The load did not appreciably increase even when the cracks 
stabi l ised at this point , 
The extension of the cracks destroyed the elastic 
foundation~ and consequent l y no valid predictions for this 
phase of the behaviour can be obtained from solutions to Eq. 5.1. 
132~ 
After cracking:~ the reiriforcing bar and the ·concretE% separated 
from the main block by the dowel crack ~ could be considered to 
act as a cantilever beam in which the span was equal to the 
length of the dowe l crack 9 (see Fig. 5.11). With this mechanism 
an increase in the vertical displacement of the dowel would 
cause the crack to extend. The load would remain essentially 
the same until the crack had reached the support point. With 
the length of the cantilever thus established the dowel force 
might again increase. This mechanism requires the development 
of high shear stresses between the conerete and reinforcement. 
Consequently the bond performance is liable to limit the l oad 
sustained by the mechanism. It was estimated that ·in these 
tests bond forces of the order of 600 lb • per inch must have 
developed. 
8. - .Q~TITATIVE ASSESS~T aOF DOWE!::_b.QIION 
The experi mental work on dowel action in tnis project 
did not exactly reproduce ·the conditions which exist ·in a beam. 
-In partic-ular~ the effecps of axial tension in the reinforcement 
and the relative rotation between the concrete cantilevers 
(Fig • .S.-4d) were ignored1 owing to the difficulty of ·reproducing 
them in smal l scal e tests or meas-uring the effects in beam 
tests. 
When concrete reinforcement is· subjected to axial tension 9 
slips must occur between the concrete and steel in the vicinity 
of the tension cracks. This slip influences the bond stresses 
between the concrete and reinforcement. Rehm has shown that 
the bond stress developed at a concrete steel interface 
depends on the magnitude of t ·he slip along the surface 
51 ~~ 52 " 
A bond stress - displacement relationship obtained by this 
investigator is shown in Fig. 5.12. Consider the dowel action 
of a reinforcing bar in a block of concrete. Owing to the 
bending moments in this bar~ small disp l acements develop 
between the concrete and the steel. If these displacements 
are ~ 0.0008 in. on the top and bottom surfaces of the bar 
where it emerges from the concrete~ then the induced bond 
stresses (from Fig. 5.12) are~ 500 psi. However~ if axial 
tension in the reinforcement induces an axial slip of 3 x 10- 3in, 
at this point~ then the bond stress induced by flexural displa -
cement of : .0008 in • are only ~ 100 psi. This clearly 
demonstrates that axial tension in the reinforcement reduces 
the effective interaction between the concrete and steel~ (i.e. 
the flexural rigidity of the composite section (EI) is reduced~ 
and hence the dowel load sustained at dowel cracking of the 
~oncrete should be reduced.). 
The influence of the r otation of adjacent concrete blocks 
has already been not ed . (See Chapter 5 Section 5). It is likely 
to result in a small increase i n the dowel capaci ty of t ·he 
· re i nf ore em en t. 
8. 1 The Cong,£gt §_2..t.._t;:ength. The strength of the concrete was 
not varied in the dowel tests. It ·is assumed that the dowel 
cracking l oad is proport i ona l to the modu l us of rupture of the 
concrete. 
8. 2 The SJ2acing of CracJ.ss an.£....fosit·ion of Reinforci.n.g__§~h 
It appears that the theoretical variation of the dowel cracking 
load with the l ength of the concrete block~ or spacing of 
cracks 3 can be close l y represented by two straight lines (see 
Fig. 5.10). The first of these passes through the origin and 
has a gradient a little l ess than the line calculated from the 
assumption of a linear variation in the displacement between 
the concrete and the bar. The second line is parallel to the 
s 
r 
axis, and its intercept on the other axis is the dowel 
cracking load for the long dowel. There :ar-e two sets 
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. t: effective l e('gth of cantilever · . 
Fig.S.12 - DOWEL ACT ION AFT.ER FORMATION OF DOWEL C~AC~~ 
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The experimental results confirm this representation. The 
scatter between similar tests does not justify a more sophisti-
cated representation. 
For bottom bars, the two lines fitting the experimental 
results! .are -
.Dfc = 0.174 s b g f when O·<s < 5.875 in.) r r ·r 
5-(5c s). 
and D = 1.02 b' f when s > 5.875 in. fc r r ) 
There are i n s ufficient results to locate both lines 
for the top bars . However, for short dowels it has been shown 
that a theoretical ratio of the cracking loads of the top to 
bottom bar.s ?fdis 
21: 
~, and the equivalent value for long 
dowels, 1 : 4 ~1 • From the tests on top and bottom bars 7 
where the length " sr" of the concrete block was 58 in. , the 
actual ratio was found to be 1 to 1 . 73. Assuming that this 
value lies mid- way between the above noted limits , the equiva-
k2 lent value of kl can be shown to be 1 : 4~11. From these 
figures the equations for the two lines become-
Dfc = 0.102 sr b 0 fr when 0 <sr < 7.0 in. 
Dfc = O. 72 b g fr when sr> 7.0 in. 
) 
)-----(5 •. 6) 
) 
8.3 The Size and Number of Bars. No experimental work was 
carried out to investigate these factors, but trends can be 
predicted from purely theoretical considerations. 
It wa s previously shown that the strength of a long 
dowel is given by the expression 
fr b 1 
D = f 2 
The factor C ' is an allowance for the efficiency of the 
composite action of the steel and concrete. Its value is 
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likely to depend on the arrangement of the bars and t ·he bond 
properties of the reinforcement and the concrete. The value 
of I in this expression is the sum of the moments of in.ertia 
s 
of the reinforcing bars. For round reinforcement the equation 
can be rewritten as -
D f c = b I f D ~; o( 
where o< = 0. 25 ~ , . and N is the number of bars. 
Substituting the values derived from the experimental results 9 
for bottom bars ~ is 1 ~ 14 , and for top bars is 0.80. 
M~re uniform stress conditions could be e xpected in the 
arrangements where greater depths,of cover concrete exist and 
more than one reinforcing bar is used s An increase in strength 
. . -
could be expected with these conditions, but at this stage 
owing to lack of experimental work, it is not possible to make 
any quantitative allowance for these effects. 
The two equations -
Dfc = .174 sr b u fr fo.r J:>:ot·tom bar-s 
and Dfc = 0 . 102 sr b ~ fr for top bar~are not likely 
to be affected by the stiffness of the reinforcement , as they 
represent a failure criteria based on the flexural strength 
of the concrete. The bar diameter merely influences the range 
over which these equations are applicable. 
Making the above allowances for the influence of the 
number and diameter of the bars~ the equations for the dowel 
cracking load became , for bottom bars -
and 
Dfc = 0.174 
Dfc = Ll65 
and for top bars 
b 8 f s when 0 <s < 6 • 7 2 r r r 
b 9 fr D ~- for sr> 6. 73 
D VN) 
'· lhl )-( 5 0 7 ) 1 
D ~" ) 
and 
D fC = ol02 
Dfc = 
b 0 f s 
r r 
b 1 f D 
r 
for 0 <s < 8.0 D 
r 
for sr>8.0 
V-4 N ) )-(5.7) 
D ~) 
8.4 The Lo.e,9 Displa.s..s1ment Relationship_lli Dowe__Lt:~ion_QJ2. 
To The Dowel Cracki!:!g Load. The dowel force that is · 
transmitted across any particular crack is a function of the 
shear displacement. To interpret the experimental results in 
terms of this value the shear displacement has been taken to 
be equiv~tant to the sum of the displacements of the bar on 
the tension and compression ·;_fao'es.~;, of the test block. 
From the experimental results it appears that the l oad 
is approximately proportion(ii to displacement unti l dowe l 
cracks from . For the tests on deformed bars ~ this cracking . 
occurred when the average equivalent shear disp l acement was 
22.5 x 10-4 in. for bottpm bars, and 27.8 x 10- 4 in. for 
top bars. Hence, from these values the equations for the 
dowel shear are -
and for top bars 
Df = 360 OS 
8.5 
in . ) 
~---(5 . 8). 
D~c when 6s<27.8 x 10~4 in) 
Displacement After Formation of Dow~ Cracks~ 
In the tests for long dowels , the formation of crac~s resulted 
in a reduction of approximately 10% of the dowel force 
(see Fig . 5.8). With further i ncrease in displacement the 
load remained essentially constant. It was postulated earl ier 
in this chapter that with the format i on of dowel cracks the 
load could be carried by a cantilever beam consisting of the 
reinforcing bar and the concrete separated from the beam by 
the dowel crack. The span of this cantilever is equal to the 
length of the dowel crack . (see Fig. 5.11) . On the basis of . 
this mechanism , an increase in the displacement would not 
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cause a change in the load, .but ·instead it would cause an 
extension of the crack towards the support point . The load 
might ·increase when the crack was stabilised by the reaction 
-point. However, for ·this increase to occu,:- larg.e displac·ement1 
are necessary . 
· In the long dowel tests when the dowel crack extends 
into the concrete there ·was a decrease of about 10% of t -he 
dowel shear . · This :decrease in load may have been due to two 
different causes • 
. (a) The stress distribut·ion prior to the .formation of 
the dowel crack may d i ffer: from the distribut-ion at the end 
of the crack., 
(b) The bond performance between the concrete and the 
steel may ~imit the composite action, thus ·limiting the strengti 
of the cantilever . 
Tentative equations for the dowel cant·ilever beam action 
are g·iven below. If the bond between the concrete and steel 
is not the limit·ing fac·tor then -
-Df = 0.90 0 fc when 
.0. 90 Df 
0c < 8.s< 3E I c (5.9) 
and Df = 
3EI 
where 5" > .b. 90 Dfc (5 . 10) 
X 
. 3EI s 
where x is the ·length of the dowel crack, and the flexural 
rigidity of the cantilever beam is EI • . In calculating this 
last. value it may be necessary to -make an allowance for the 
.. 
slip which may occur between the concrete and steeL ·If the 
bond conditions are limit·ing, then i ·t .may be shown that the 
dowel f orc·e, which the cantilever ·can . resist, is ·given by 
the expression -
ythere 
D - 7 f - 8 ---(5 .. 11) 
C is ·the depth of cover concrete meas-ured from the 
0 
centroid of the steel, U is the bond force per unit letigth 
of reinforcement , and ac is the shear displacement at which 
dowel cracks are formed. 
With the formation of dowel cracks in the concrete 
cahtilevers, the magnitude of the dowel force that is resisted 
may be limited by the flexural strength of the uncracked 
concrete at the level of the reinforcement. This situation 
must o'cc-ur as soon as a dowel crack appears if the flexural 
cracks in the beam are closely spaced. In the case of widely 
spaced flexural cracks the dowel crack may be expected to 
extend for some distance before the tlexural resistance of the 
uncracked concrete at the level of the reinforcement becomes 
critical. However , once this occurs further increase in the 
length of the dowel crack must result in a rapid decrease in 
the dowel shear . 
In Fig ~ 5 . 13 the theoretical load displacement curves 
are shown for the two cases ~ 
(a) dowel action across the last flexural crack in the 
shear span , 
(b) dowel action between two concrete cantilevers. 
9 . CONCLUSIONS 
In this chapter dowel action of the flexural tension 
reinforcement i n a concrete beam has been examined, and a 
number of equations have been derived to describe this action. 
It appears from this analysis that dowel action cannot resist 
a very significant portion of the shear. For example , in a 
beam where -
d = 14 in ., b = 6 in., a/d = 4 . 0, feu= 5,000 psi. 
and where the reinforcement consists of 2 - 1 in . bars - a shear 
stress of 180 psi . could be expected to develop in the tension 
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14~ . 
zone of the beam just prior to failure. If in this beam the 
crack s pacing is 6 in.~ and the cracks form to the height of 
the neutral axis , the maximum possible proportion of the bond 
moment acting on the concrete cantilever s that may be resisted 
by dowel action , is 26% for bottom bars,and 15% for top bars. 
These magnitudes were calculated assuming that the most favour -
able conditions exist. That is , that just prior to failure of 
the b~am the dowel cracking displacement is just reached . 
Clearly this condition is unlikely , and hence the values must 
be considered as an upper limit for dowel action. In all beams 
tested in this ·project which contained unwrapped reinforcement 
dowel cracking developed before the beam failed ; (i.e . in 
beams SCl, SC2, SC3, CAl and FAD[). 
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CHAPTER S I X 
THE DEVELOPMENT OF FLEXURAL CRACKS IN THE §HEi\B SPAN O.[_h__]LAM 
1. INTRODUCTION 
Shear displacements , which are associated with the 
transfer of shear across a crack by aggregate interlock and 
dowel actions , arise in two ways. They are induced f i rstly by 
the flexural rotation of the compressi on zone in the region of 
the beam containing inclined cracks ~ and secondly by the bending 
within the concrete cantilevers . The factors i nf l uenci ng t he 
magnit·ude of the displacements ~ which result from these t wo 
actions,are discussed in this chapter . 
2. DISPLACEMENTS RESULTltlQ FROtl-BQTATION OF THE COMPRE2§1Q[ 
ZONE 
Fig. 6 . 1a shows a section of the shear span of a beam 
containing a flexural crack. The compression zone bet ween t he 
centre- lines of the concrete cantilevers on either side of the 
crack undergoes a rotation owing to the flexural compression 
stresses . This rotation 11 0 11 may be related to the stress i n 
c 
the reinforcement , and the stress in the extreme f i bre of t he 
compression zone of the beam in the followi ng manner -
f 
c 
E 
c 
= 
f s 
s r 
E 0 - k)d 
s 
where st is the crack spacing at the top of the cracks and 
s is the. crack spacing at the level of the reinforcement . 
r 
When the cracks in the shear span of the beam are i ncli nec 
the rotation of the compression zone between the centre- lines 
of adjacent concrete cantilevers induces bot h l ongitudinal and 
transverse movements across the crack. These two components 
may be calculated if it is assumed that the curvature of an 
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initially plane section across a concrete cantilever (such as 
section G - H Figo 6,. 1) is negligible. This assumption is not 
valid close to the base of a concrete cantilever , as the neutral 
axis of the beam bends with the compression zone. 
From Fig. 6.lb the transverse movement "6. 11 across the 
v 
crack between the point H and H ' is found thus -
6 = st Qc +Ll e sy Qc 
v 2 y c 2 
(st - s ) 
= g c C - -z · .x. + Ay) C 6. 21) ~ 
The dimension ~y is shown in Fig. 6.1c. In a similar manner 
the longitudinal movement 8h between H and H g may be found 
from the equation -
oh = y oc -- --..-___.... ( 6. 3 ). 
The corresponding crack width and shear displacement at any 
point on the crack may b~ derived from these displacement 
components if the direction of the crack , at the point being 
considered? is known. With reference to Fig. 6.ld it may be 
seen that the crack width is given by -
c = ) 
.k 2 
coso( , 
and the shear displacement is found from -
.k 
8 (52 + 62 ) 2 = sino( 
s h v , 
where o<= - 1 Cv - (90 - 0) 0 tan ~ ~ 
oh 
and Q is the direction of the crack at the point being 
considered . 
3. DISPLACEMENTS INDUCED BY FLEXURAL ROTATION OF THE 
fQNCgETE CANI,lg~ 
Flexural rotations within the concrete cantilevers give 
A F 
I "'0 X 
I 
.!!I_ 
" ~!r , . .\ \ 
1 
( a ) Initial Shape 
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Fig.6.1 - OPENING OF A FLEXURAL CRACK DUE TO FLEXURAL 
ROTATION OF THE COMPRESSION ZONE 
rise to transverse displacements across the cracks. From 
Figo 6.2 it may be seen that these displacements can be 
calculated from the equation -
where sy is the width of the concrete cantilever., distanc·e 
14.5 < 
y from the top of the cracksj) and J3 is the angle of flexural 
rotation of the concrete within the concrete cantilever~ 
4o EXPERIMENTAL OBSERVAT!QNS 0~ THE OPENING OF CRACKS 
To assess the magnitude of the transverse and longitudinal 
movements across a crack opening» measuremen~~ were made with 
two inch mechanical strain gauges across some of the flexural 
cracks in the beams FA4 , CAl and SC3~ A few of the results 
that were obtained are shown in Figs. 6.3 and 6~4. In these 
figures movements at the points where measurements were made 
are shown by displacement vectorso The corresponding load 
increment is indicated along side such vectorso For the first 
two beams it appears that the opening of the crack can be 
represented by a relative rotation of the two sides of the 
crack about its upper end~ Such movements correspond to those 
induced by the flexural. rotation of the compression zone of 
the beam. From this it may be deduced that there was very 
little flexural rotation within the concrete cantilevers in 
these two beams~ However~ in beam SC3 the vertical displace-
ments across the cracks at increments 8 and 9, were greater 
than those which could be expected from a flexural rotation 
of the compression zone alone. This indicated that in this 
beam the concrete cantilevers did bend appreciably at these 
two load increments. Experimental measurements reported in 
the next section confirm that such bending didj) in fact~ occur. 
A 
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Fig. 6.2 - DISPLACEMENTS AR ISING FROM BENDING IN THE 
CONCRETE CANTILEVERS 
5. THE BENDING MOtffiNt, OF THE CONCRETE CANTILEVERS 
. 16 . 
Kani has previously attempted to measure the bending 
of the concrete cantilevers in some of his beam tests . Mechan-
ical strain gauges were used to find the relative movements 
along three longitudinal lines of gauge points from the 
centre..:line of the beam. Two of ·these gauge lines were 
situated in the compression zone of the beam and a third was 
i 
at the level of the reinforcement. The arrangement was similar 
to that shoWn in Fig. 6.5. 
10 
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Fig. 6 .. 4- BEAMS SC3 &: CA 1=- OPENING OF CRACKS IN BEAMS. 
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The total . displacement " Td" of a gauge point at the 
level of the steei was measured from the projection of the line 
drawn through the two gauge points in the compression zone of 
the beam. The movement was attributed by Kani to the bending 
of the concrete cantilevers. In fact this is only correct if 
the cracks in the shear span of the beam are vertical . ~hen 
they are inclined, as they are in the shear span of a beam, the 
displacement "Td" is caused by -
6.5) . 
(a) the flexural rotation of the compression zone , and 
(b) the bending in the· concrete cantilevers (see F i g . 
To determine the actual movement caused by bending in the 
concrete cantilevers , the flexural rotation of the compression 
zone must be measured to allow the components of movement 
induced by this rotation to be found (i . e . displacements 
caused by rotation of line A .- B - C relative to line D - E in 
Fig . 6. 5). 
In beam SC3 df ' th~~~ptoj ect, numerous long i tudinal strain 
measurements were made so that displac ements arising from 
bending of the concrete cantilevers could be found . The posit -
ions of the centre - lines of the concrete cantilevers,whi ch were 
found from the crack pattern , are shown in Fig . 6 . 6 a s the 
lines lE - 3E and lW - 3W. The lines 4E and 4W correspond to 
the last vertical line of gauge points in each shear span . To 
find the rotation of the compression zone , the displacements 
of the gauge points above the level of the tension cracks were 
examined in a regression analysis. The position of the regress -
ion line rep~ents the displacement of the centre-line of the 
cantilever caused by the rotation of the compression zone . 
Hence the departure of the gauge points from this line 
corresponds to the movement induced by bending in the concrete 
cantilevers (see Fig . 6.7) . In this manner the deflec ted 
I 
r·-
1 
I 
Tel ::- tr.anslationa.l displacement <measured by Kani ) 
t' :: displacement due to flexure ot concrete· cantilever 
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Fig. 6.5 -. DISPLACEMENTS ARISING FROM FLEXURAL ROTATIONS I~ 
COMPRESSION ZONE AND IN CONCRETE CANTILEVERS 
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Fig.6.8- BEAM SC3- DISPLACEMENTS OF CENTRE-LINES OF CONCRETE 
· CANTILEVERS DUE TO· BENDING OE CONCRETE CANTILEVERS 
shapes of the concrete cantilevers were determined and the 
results are shown in Fig. 6.8 . 
152. 
It can be seen from Fig .. 6 <· 8 that even at load increment 
7 (vn = 181 p·si ~ ) there was very little resultant displacement 
arising from bending of the concrete cantilevers. Failure 
occurred in the West span of the beam at load increment 8. 
This span was repaired with clamp-on stirrups and the test 
continued. In the East span of the beam at load increment 8 1 
appreciable flexural di splacements did develop in the concrete 
cantilevers 9 and these increased for load increment 9. Failure 
of this span occurred at l oad increment 10. A summary of the 
results of these measurements are given in Table 6.1. 
TABLE 6 ,.1 FLEXURAL DISPLACEMENTS OF THE CONCRETE CANTILEVERS 
:itl_~§1, ~ -- - ·- - - -- -· - .. . ~ ~ ~~-
Load Nominal Average Flexural Displacements of 
Inc ~ Shear the Concrete Cantilevers* 
Stress East5S:pan West5S{'an psi ~ X 10 ~n e x 10 1.n~ 
7 181 4 -7 
8 207 129 Failed 
9 233 262 II 
10 252 Failed 
" 
*Displacement measured at level of reinforcement? 
It may be seen from Fig . 6 ~ 8 that prior to load increment 
8 the deflections induced by bending in the· concrete cantilever s 
were small , but at load increments 8 and 9 appreciable displace~ 
ments did develop. It appears that these displac·ements stemmed 
mainly from a flexural rotation that occurred at the tops of 
the concrete cantilevers ~ Just below this location ' there 
appears to be a point of contra-flexure ~ The distr~bution of 
bending moment, which this deflected shape implies, is in 
agreement with the shape of the distribution determined from 
the analysis of the experimental results of beam FA4, (see 
Fig. 4 . 15) . 
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In some beams the displacements induced by bending of the 
concrete cantilevers are small, (i.e . West span beam SC3, beam 
FA4 and beam CAl)~ while in other cases appreciable flexural 
displacements do develop before failure. The difference in 
behaviour arises from a small difference in the distributions 
of the bending moment acting on the concrete cantilevers. 
Initially) when the flexural cracks first reach the vicinity 
of the neutral axis the bending of the concrete cantilevers 
appears to be small o At this stage the bond force moment 
acting on the concrete cantilever must be resisted mainly by 
the shear forces transmitted across the crack by aggregate 
interlock and dowel actions , Only a small portion of the 
bending moment is resisted by the section between the top of 
the cracks. At this stage the bending moments must cause a 
deflected shape similar to that shown in Fig. 6.8 for increment 
7. #ith an increase in bond force acting on the concrete 
cantilevers the shear stresses induced across the cracks, due 
to the flexural rotation of the compression zone, are no 
longer sufficient to resist the same proportion of the bond 
force moment as it did previously. The result is that an 
increasing proportion of the moment must be resisted by the 
concrete section between the cracks. However, at the top of 
the cracks the depth of concrete that can resist these 
flexural stresses is considerably less than the corresponding 
depth in the lower sections of the concrete cantilever. This 
reduction in depth, which is due to the inclination of the 
flexural cracks in the shear span~ ensures that a relatively 
small bending moment acting on the concrete cantilevers near 
the level of the neutral axis causes an appreciable flexural 
rotation at this location~ Hence~ when additional bending 
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moment is thrown into the concrete at the top of the concrete 
cantilevers, the flexural rotations in this region increase. 
This results in an increase in the shear displacements, and 
consequently the shear ~tresses and dowel forces transmitted 
across the crack are increased. Clearly a balance exists 
between the proportions of the bond force moment resisted by 
aggregate interlock and dowel actions and by flexural stresses 
in the concrete. The bending moment sustained by the concrete 
must increase to: a certain magnitude so that the displace-
ments this moment induces qan build up the shear displacements 
for the necessary magnitude for the aggregate interlock and 
dowel actions. 
6. THE DIRECTION OF_gRACK PROPAGATION 
In the previous sections of this chapter it has been 
shown that the magnitude and distribution of the shear dis-
placements, and hence shear stresses transmitted across a 
crack, depend largely on the shape of the cracks. In the 
following sections the stresses influencing crack propagation 
are examined, so that the factors affecting the crack shape 
may be found. 
The stress distribution near the root of a flexural 
crack is complex. It is unlikely that the direction of crack 
propagation could be accurately predicted even if this stress 
distribution could be determined. This is due to the nature 
of concrete. In tension tests reported by Wright and Byrne53 , 
it was found that the inclusion of artificial stress raisers 
in the concrete in the form of small circular, rectangular and 
elliptical holes did not reduce the average tensile stress 
over the remainder of the concrete at failure . These research 
workers suggested that the tensile strength of concrete was 
low compared with the compression strength owing to high 
internal stress raisers. Consequently the additional stress 
induced by the artificial stress raisers~ had a negligible 
effect compared with the influence of the internal stress 
raiserso The micro-cracks, which have been observed to 
occur in concrete even before any load is applied, are 
undoubtedly the internal stress raisers. 54 
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The magnitude of the stresses near the top of the crack 
varies rapidly with position, so that high tensile stresses 
are liable to be limited to small areas within this region. 
The work of Wright and Byrne suggests that concrete is 
comparatively strong in resisting this type of stress~ and 
hence tensile failure of the concrete may not occur as a 
result of a peak tensile stress acting over a small area~ but 
as a result of a lower average stress acting over a larger 
area. 
Stresses arising from the following actions are likely 
to have an appreciable influence on the direction of crack 
propagation; 
(1) longitudinal flexural stresses, 
(2) transverse flexural and shear stress, 
(3) transverse stresses induced by differential 
curvature of compression and tension zones of the beam, 
; 
(4) secondary shear stresses~ 
and (5) stresses arising from arch action. 
6 .• 1 ,!..ongitu~1-IlS1?S9,£al gre_2ses. A likely distribution 
of flexural stresses in the concrete between two cracks is 
shown in Fig. 6.9o The change in position of the neutral 
axis between the cracks depends on the location of the 
tensile stresses in the concrete ~ If the centroid of these 
stresses lies close to the centre of the steel, the change 
in depth of the neutral axis should be smalL 
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If the change in position of the neutral axis is assumed 
to be negligible, the longitudinal tensile stress at the top 
of the cracks may be calculated from the assumption that the 
strain distribution above this level is linear . For this 
case, the longitudinal tensile stress just above the crack 
may be shown to b~ -
f ::: 
t 
fs y 
n(l - k)d 
where f is the average steel stress between the centrelines 
s 
of the concrete cantilevers next:" to the craCk .. b~.f.pg "considered ' 
and y is the distance of the top of the crack 'from the 
neutral axis. 
6.2 Transverse Flexural and Shear Stresses. The qond forces 
acting on the concrete induce both .flexural and shear stresses 
in the concrete cantilevers. Likely distribut ions of these 
stresses are shown in Fig. 6.10. The general shape of the 
flexural stress distribution·, has been described pre':'iously in 
chapters 2 and 3. 
It has been previously stated that the bending moment 
induced in the concrete cantilevers by the bond force ~ may 
be resisted by three means; 
(a) by the flexural resistanc·e of the concrete bet ween 
the tops of adjacent cracks (section 1- 1 Fig. 6.10), 
(b) by the shear stresses transmitted across the cracks 
by aggregate interlock action, and 
(c) by dowel forces from the reinforcement. 
Initially, when the flexural cracks in the beam are short and 
vertical nearly all the bond force moment acting on the 
concrete cantilevers is resisted by the flexural resistance 
of the concrete. Aggregate interlock and dowel actions cannot 
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contribute to the resistance of this moment until the cracks 
become inclined~ as shear displacements necessary to induce 
these actions do not develop until the cracks extend in an 
inclined direction" Hence , as the flexural cracks propagate 
into the beam, the proportions of the bond force moment 
resisted by each of these actions changes, with a gradual 
decrease in the proportion resisted by flexure of the concrete 
and a corresponding increase in the proportions resisted by 
aggregate interlock and d·owel actions "' 
The shear induced in the concrete cantilever by the 
bond force must be l a r gely resisted by the concrete between 
the cracks, as the horizontal components of shear transmitted 
across the cracks are likely to be small . 
6 . 3 Transverse Stresses Induced by Differential Curvature 
gf the CQIDEression and Tension Zones of a Beamr An 
examination of the lon.gitudinial strain distribution in a 
loaded beam containing f l exural cracks indicates that the 
curvature of the compression and tension zones differs between 
any two - cracks , The curvature of the compression zone is 
given by the expression 
f 1 lb c r c = ~ ~ where fc 
c d 
is the compressive stress in 
the extreme fibre of the compression zone. Similarly the 
curvature of the t ension zone is given by -
Jt ft 1 it = ~d ~ where ft is the tensile stress in 
c 
the extreme fibre of the tension zone o Owing to the existence 
of cracks in the tension zone of the beam the tensile stresses 
in the concrete are very much smaller than the equivalent 
compression stressesG From this it follows that ~ t must 
be much smaller than rc ~ which implies that as soon as 
tensile cracks form in the concrete relative displacements 
occur between the compression and tension zones of the beamo 
These displacements must be opposed by direct stresses 
between the two zones unless a longitudinal crack separates 
them. The distribution of these st-resses at the level of the 
neutral axis must be similar to that shown in Fig. 6 . 11 
section 1-1. At this level tensile stresses are located 
close to the cracks and aompre·ssi'V-e stre·ss<;s ·midway between the 
cracks. The magnitude of these stresses may be expected to 
increase as -
(1) the ratio of the crack spacing to the depth of the 
beam increases, 
(2) the longitudinal strains in the compression zone 
• I ~ncrease) , 
and (3) the depth of the compression zone decreases in 
proportion to the depth of the tension zone of the beam. 
Immediately above the level of the tension reinforcement 
the stress distribution is likely to appear as a reverse image 
of that existing at the level of the neutral axis. In this 
location transverse tensile stresses are likely to occur 
midway between the cracks with compressive stresses located 
near the cracks . The concrete cantilevers situated on either 
side of a crack rotate through an angle (p) relative to each 
other. Thus, when the reinforcement passes across the crack 
it must be bent through this angle. Owing to the flexural 
stiffness of the reinforcing bars this bending is opposed, 
and consequently a stress distribution similar to that shown 
in Fig. 6.11 is likely to occur. 
Broms 55 has ·demonstrated previously the existence of 
the transverse tensile and compressive stresses in a beam 
containing flexural cracks. He analysed these stress distri-
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butions by considering the requirements for equilibrium of a 
section of a beam containing two cracks. By contrast the 
writer's approach has been based on the compatibility require~ 
ments of the concrete in this region. These two different 
approaches appear to be in reasonable qualitative agreement 
with each other. 
6.4 Secondary Shear Stresses. With a change in the depth of 
the neutral axis between the flexural cracks, small secondary 
shear stresses are induced in the concrete. The way in which 
these arise is shown in Fig. 6.9. Broms55 has examined these 
stresses in some detail. 
6.5 Stresses Due to Arching_Action. The development of 
arching action over a short section of a shear span of a beam 
induces vertical tensile stresses in the compression zone of 
a beam. These may cause the crack to propagate through this 
zone. However, the writer believes that arching action cannot 
occur before the development of extensive diagonal cracking, 
(see chapter 7) and consequently these stresses are not likely 
to occur before the flexural cracks have reached the mid-
depth of the beam. 
7. SUMMARY OF FACTORS INFLUENCING THE DIRECTION OF CRACK 
PROPAGATION 
The direction of propagation of a flexural crack in a 
beam appears to depend on the magnitude of the stresses 
induced near the root of the crack. Several actions induce 
these stresses, but the most important appear to be -
(a) the longitudinal flexural stresses induced by the 
bending moment, 
(b) the shear stresses and transverse flexural stresses 
induced by the .action of the bond forces on the concrete 
cantileverjl and 
(c) the transverse stress arising from the differential 
curvature of the compression and tension zones of the beam. 
The magnitude of the longitudinal tensile stresses near 
the root of a crack in a beam depends on the bending moment, 
the percentage of reinforcement and the height of the crack~ , 
'The shear stresses in the same region depend primarily on the 
bond force~ which is i n turn a function of the shearo The 
magnitude of the transverse stresses are a function of the 
bending moment , the crack spacing~ the height of t he crack~ 
and the ratio of the depth of the compression zone t o t he 
tens i on zone of t he beam. These factors indicate that the 
main parameters influencing t he shape of a crack are likely 
to be -
(1) the ratio of the bending moment to the shear force 
at the crack, 
(2) the percentage of reinforcement~ and 
(3) the crack spacingv This l ast parameter might be 
descri bed in terms of the bond properties of the reinforcement 
and concrete, and the arrangement of the reinforcement i n the 
concrete . 
B. ~Y§D_fRACK SHAPE~ 
The crack patterns from a series of ten beams tested by 
Leonhardt and Walther28 were examined1 and the shapes of 
sixty-nine cracks wer e recorded. These were divided into 
groups depending on the M/Vd ratio~ and the average shape 
for each group was found and p l o tted ,, The results are shown 
in Fig . 6.12 with o t her detai l s of the beams . 
It may be seen from Fig . 6"12 that there is very l ittle 
difference in the shape of the cracks for M/Vd ratios with in 
the limits of 2 . 5 to 6 ~ 5 . This i mplies that the increase in 
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the longitudinal tensile stresses accompanying an increase in 
the bending moment is balanced by an increase in the transverse 
stress arising from the differential curvatures of the compr-
ession and tension zones of the beam. With a reduction in the 
M/Vd ratio below 2 . 5$ the cracks became more inclined. This 
presumably is due to the smaller longitudinal tensile stresses. 
The last crack shown in Fig ~ 6 . 12~ which corresponds to an 
M/Vd ratio of a75~ is virtual ly a straight line inclined at 
40° to the axis of · the beam~ It may be noticed that with this 
shape of crack the rotat i on of the compression zone cannot 
induce appreciable shear displacements across it o 
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C H A P T E R S E V E N 
ARCH ACTION 
1. INTRODUCTION 
The occurrence of arch action in reinforced concrete 
beams has been recognised by many research workers. As early 
as 1916 Faber5 derived equations based on this action. ~-Morsch~ , 
in 1908 post·ulated. that with the formation of a diagonal 
crack in a beam the internal forces are redistributed to allow 
the shear to be resisted by the inclination of the compre(S:sion 
force. This is in effect arch action. 
43 Experimental. work reported by Watstein and Mathey . 
illustrates the development of arch action. Strain measurements 
were made on the sides of the beam with a shear -span to depth 
ratio of 2.1. These strain readings and the crack pattern 
are shown in Fig. 7.1. It may be seen in this figure that 
the strains varied linearly with depth until diagonal cracks 
.ir:-1=ersected the gauged sections. When this occurred the 
strain d~strib~tion changed completely , and it is evident that 
·the compression force became inclined above the diagonal crack. 
It can be deduced that the formation of a major inclined 
crack in a beam reduces the shear resistance of the tension 
zone of the beam below this crack, and consequently the shear 
that can no longer be resisted by this concrete must now be 
carried by inclination of the compression force above the 
crack. 
2. BEAMS WITH UNBONDED REINFORCEMENT 
In beams whe~e the bond has been eliminated beam action 
cannot occur, and all the shear must be resisted by arch action. 
-strai n gauge -~,.._ 
deformea 
, '72 Numbers ind icate load "p .. in l<ips 
Sca l e 
0 . 30 60 
Strain x 105. 
<Beam test reported by Watstein and Mathey ) · 
Fig. 7.1 - CRACK PATTERN AND" STRAIN DISTRIBUTI ONS IN A BEAM 
. CONTAIN lNG DIAGONAL CRACI<S 
56 28 Evans , and Leonhardt and Walther , have both tested 
concrete beams reinforced with polished or ·coated bars that 
were incapable of developing bond . The reinforcement in the: 
beams was anchored to the concrete beyond the support points. 
In these tests no diagonal cracks formed in the shear span 
of the beam, as there were no bond stresses, and hence no 
shear stresses in the tension zone. Cracking was limited to 
the formation of a few wide cracks in the centre and above 
the support points of the beam. 
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The strain distributions in beams reinforced by this 
method may be predicted by a theoretical analysis. Such an 
analysis has been carried out for the prototype beams shown 
in Fig. 7.2. The solution involves the trial and error process 
of matching the elongation of the reinforcement between the 
support points, with the tot~l extension of the concrete fibre 
at the same level. Assumptions on which these particular 
-solutions have been based) are that; .. 
(1) the reinforcement is anchored to the concrete directly 
above the support points, 
(2) there is no bond between the concrete and the steel 
over the entire length of the span, 
(3) the stress-strain relationship for both concrete and 
steel is linear, and the modular ratio is 8, 
(4) the concrete cannot resist any tensile stresses , and 
(5) the strain distribution across any vertical section 
in the compression area varies linearly with depth. 
Two significant aspects arise from this analysis . 
(a) In the centre of the beam the depth of the neutral 
axis is ·reduced by the arching action. If the reinforcement 
had been bonded to the concrete, so that beam action could 
have occurred, the depth of the neutral axis would have been 
5.2 in. With arch action, however, this value was .96 in. for 
the beam loaded by a single point load, and 2.6 in . for the 
two point loads :separated by a distance of 12 in. It is 
apparent from .this analysis that the long·er the constant 
moment zone of the beam the closer the depth of the neutral 
axis in the centre of the beam approaches the value for beam 
action. 
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(b) In these beams large slips must develop between the 
reinforcement and the concrete. For the two prototype beams 
the magnitude of these was approxim&tely equal to the total 
extension of the reinforcement in the shear ·span. 
The relative movement between the steel and the concrete 
may be described as a translational displacement between the 
reinforcement and the projection of a straight line drawn on 
the compression zone of the beam (see Fig. 7.3 a and b). This 
displacement is a direct measure of the break down of the 
Navier-Bernoulli hypothesis of initially plane sections in 
the beam remaining plane when the beam is loaded. 
3. BEAMS WITH BONDED REINFORCEMENT 
The occurrence of arching action in beams with bonded 
reinforcement must result in · the development of translational 
displacements in the shear span of the beam, and in a decrease 
in the depth of the neutral axis in the centre of the beam. 
This occurs in a very similar way to that previously described 
for arch action in beams with unbonded reinforcement. The 
main difference between these two cases is that for bonded 
reinforcement, t;he ·reinf.,gpc.ement, c"annot slip through the · 
concrete cantilevers. However, in this case translational 
displacements can develop where a horizontal or diagonal crack 
separates the compression and tension zones of the beam . Such 
cracking allows the concrete on the tension zone to be 
displaced with the reinforcement (see Fig. 7.3c). 
The writer attempted to predict stress distributions and 
translational displacements in beams resisting shear by both 
beam action and arch action. However, this failed owing to 
certain difficulties that are discussed below. 
(a) An examination of the compatibility requirements of 
the concrete and reinforcement in the shear span of a .beam 
a 
b 
(a) Unloaded 
Beam 
1 
<b> Unbonded 
Reinforcement 
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(c) Bonded 
Reinforcement 
Fig.7.3 - TRANSLATIONAL DISPLACEMENT IN .A REIN FORCED 
CONCRETE BEAM 
shows that arching action occur s t o different extents in 
different regions of the span~'( . Hence, in Lor entsen's 
equation (see chapter 2 section 5) for the position of 
the compression force in the beam 
K [ xJ (1 - /V) 1 - -a 
the term K;v is not constant .. (i.e . the bond force d istribution 
is not constant in the shear span of the beam) . 
* See Chapter 8 Se ction 2 
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(b) To find the magnitude of the internal lever arm (jd 1 ) 
0 
in the centre of the beam a trial and error process is involved , 
in which the extension of the reinforcement between the support 
points is matched to the extension of the concrete fibre at 
the same level . A difficulty arises in determining the total 
extension of the reinforcement1 as the anchorage conditions 
between the last concrete cantilever in the span and the 
support are unknown. In addition to all the other factors 
that have been noted to influence the pull-out of a reinforcing 
bar from a block of concrete, it was found that this pull out 
in the anchorage zone of the beam is sensitive to the amount 
of dowel cracking in the concrete.* 
(c) No way could be found to predict the height and 
extent of cracking in the beam . Consequently the size of the 
compression zone above the to~of the tension cracks was 
unknown. 
4. EXPER !MENTAL MEASUREMENTS OF T~.AN.SLAT IONAL DlSPLACEMENT 
In several beams tested in this project strain measure-
ments were made along the beam, and from these the relative 
longitudinal movement between each gauge point and the central 
section of the beam was found ~ By comparing the disp lacements 
for any vertical line of gauge points in the shear span it was 
possible to measure the translational displacement of the 
tension reinforcemento These values were found for the three 
beams, FA4, CAl ' , and F2, and the results of the computations 
are shown in Figs. 7 . 4, 7 . 5 and 7.6. In these beams arching 
action developed to very different degrees . As a measure of 
the extent to which this action occurred in each beam, the 
* See Chapter 7 Section 10. 
arching ·index "AI" is introduced. It is defined as -
AI = 
= 
nominal shear stress - average shear stress in 
tension zone 
riofuirial shear it~ess 
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For complete arch action (i.e. no bond) the value of vt is 
zero, and hence the arching index is unity, while for beam 
action the shear· resistance of the tension zone is equal to 
the nominal shear stress, and consequently the value of the 
index is zero . 
Arching action developed to a very much greater extent in 
Beam F2 than in Beam FA4. In the first mentioned beam the 
flexural cracks were preformed to the mid- depth of the beam , 
and as previously noted this greatly reduced the bond force 
resistance of the concrete cantilevers, which resulted in the 
occurrence of extensive horizontal crackihg at' 'the mid ~ dep'tf?. ·of t r 
beam. By load increment 6 the uncracked width of concrete 
in the concrete cantilevers near the neutral axis was very 
small. This section of the concrete acted as a hinge~ which 
allowed the lower . section of the concrete cantilever to 
rotate relative to the· compression zone of the beam . In this 
manner considerable translational di~placements could deve l op . 
In beam FA4, in contrast to beam F2, the concrete canti-
levers were very much stronger . In this case the width·of 
the concrete cantilevers was not appreciably reduced by the 
small amount of diagonal cracking that occurred prior to 
failureo Hence large translational displacements could not 
develop in this beam. 
Several observations may be made from Figs . 7 . 4 , 7 . 5, 
and 7.6. 
(1) The maximum translational disN l acements i n t he 
different beams i ncrease with the. deg-ree of arch action in the 
shear span. 
(2) The distribution of the translat i onal displ~9ements 
in the shear span of the beam is similar in form to the theoret~ 
ical distribution for beams with unbonded reinforcement (see 
Fig. lo 2)o 
(3) The highest values of translation di~p1ac·ement in ~ 
.e.:f the shear span\ are conf~ned to those regions of the beam in 
which extensive diagonal or horizontal cracking has occurred. 
5. THE DEFLECTED SHAPE OF THE SHEAR SPAN 
Extensi ve longitudinal strain measurements were made on 
several of the beams tested i n this project. From t hes e 
readings the -relative movement between rows of gauge poi nts 
in the shear span and the vertical centre- l i ne of the beam 
were found. These displacements were calculated for beams FA4 9 
CAl , SC2 , SC3 ~ and the North span of the beam F2. In a ll cases 
it was found that for the g·auge points situated above t he level 
to which cracks 'extendedfthe displacements varied linearly 
with depth. Thus in this z.one the strain distri bl..l;tion confor-
.med to the Navier-Bernoulli hypothesis. With the extens i on of 
the cracks in an inclined direction a clear discontinuity was 
introduced between the compression and tension zones . The 
exaggerated deflected shape of a prototype beam is shown i n 
Fig. 7.7. 
5. 1 Trans lat·i-onal Displacements. Trans l ational displacements 
can develop in a beam as a result of two actions ; (a) flexure 
of the concrete cantilevers, and (b) flexure of the C'ompression 
zone of the beam (see Fig. 7.8). 
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The flexural deformation of the concrete cantilevers was 
examined in the previous chapter" In beam SC31 at failure in 
the West span of the beam, the flexural displacement of the 
concrete cantilevers was negligible , but the translational 
displacement was 4 x 10-3 ino over part of the shear span. In 
the East span, which failed at, a higher load , the flexural 
displacement of the concrete cantilevers was of the order of 
3 x 10- 3 ino while the translational displacement reached 
8 x 10-3 in. at failure" 
The translational displacement arising from the flexural 
rotation of the compression zone of a beam (Td) is given by 
the expression 
T d = e c ,d ( 1 ~~· i , 
where e is the strain in the extreme fibre of the compressiot 
c 
zone , and ~is the longitudinal distance between the centre-
line of the concrete cantilever at the top of the cracks to 
that at the level of the reinforcement (see Fig" 7 "8 ) . 
6. .TI!LFORMULAT ION OF cbMPAT IBILITY CONDIT IONS 
In the region of a beam ?Ubjected to pure flexure it has 
been found that strains in ·the compression zone and in the 
tension reinforcement vary linearly with depth. This compati-
bility condition corr.Et!sponds to the Navier- Bernoulli hypothesis 
of plane sections remaining plane, but it does not apply to 
the concrete in the tension zone of the beam owi ng to the 
discontinuities caused by the tension cracks. However, if 
strain measurements are made between the centre-lin~of the 
concrete cantilevers , it is found that the average strains 
(or displacements) do vary linearly. In th~ constant moment 
zone of a beam where the flexural cracks are vertical, this 
finding has been used to determine the depth of the neutral 
axis. If it is assumed that; 
(a) the concrete between the cracks carries a neg l igible 
amount of tension , and 
(b) the stresses in the concrete and steel remai n in .the_ 
elastic range; 
then the depth of the neutral axis can be predi cted by the . 
familiar equation 
k = j p 2 n 2 + 2 pn 
- . pn ------ (7 . 1) .. 
6 . 1 The Compatibility Conditions for the Region of a Shear 
Span. of a Beam Containing the Concrete Cantilev~ . 
Equation 7.1 is applicable only to those regions of a beam 
that are subjected to pure flexure. In these zones the flexural 
cracks are vertical , and there are no net bond forces acting 
on the concrete cantilevers. 
Fig. 7.8 shows the initial and deflected shapes of a 
portion of a shear span of a beam consisting of two concrete 
cantilevers. tvith the formation of flexural cracks in the 
beam slips must occur between the concrete and the rei nforce-
ment. In general the steel is displaced towards the nearest 
major crack. (This does not hold for the small secondary 
cracks which may form between the major flexural cracks forming 
in the concrete cantilevers). Consequently at the mid - sections 
of the concrete cantilevers (points A and B Fig . 7.8) very 
little relative movement between the concrete and steel can 
be expected. Hence the relative movement between the centre-
lines of two adjacent concrete cantilevers may be found from 
the extension of the reinforcement alone, thus -
. 178 0 
where es is the average steel strain between po i nt s A and B, 
and. 6 is the . relative. movement between these points . This 
movement can be related to the flexural movements in the . 
. concrete .cantilevers and the compression zone by the follow.in.g. 
equationr -
where Qc is the flexural rotation of the compres sion zone 
.between the centrelines of the concret e cant ilevers ~ (i . e orot-
atlort i-of ' CD relat i ve to EF , Fig o 7 o8)t> and f 1 and f 2 are 
the .displ acements caused by flexural stresses in the concrete 
cant.i l evers. Experimental measurements indicate t hat f 1 and 
f 2 are of the same magni tude)'c, and hence the term ( f 1 - f 2) 
can be neglected o With this simplificat i on and t he assumpt i ons 
(1) that the concrete at any section resists a negligible 
amount of the flexu~al tension force , 
and (2) that the stresses in the concrete and the steel 
. remain in the elastic range , 
Eq. 7.2 may be reduced to -
f s 
n c = _£ k 
fs st (1 - k) (7 . 3), 
where fc is the average st~ess in the extreme compres sion 
fibre of the beam between the centrelines of adjacent concrete 
cantilevers , and f is the average steel stress over the 
• R hs 57 f d · "1 · (7 3) same reglon . usc oun a slml ar equatlon to • • 
From the equilibrium requirements of a beam the followi n g 
relationship may be written -
C = T - H t 
* See ~hapter 6 Fig . 6 .8 
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but Ht (the horizo~tal component of shear transmitted across 
a flexural crack) is small compared with C ~ and hence 1t may 
be neglected. Thus ~ 
b kd f c 
-2-C = T = 
from which = 
= f p b d } s 
Substituting this value in Eq . 7.3, this equation may be 
reduced to-
( 7. 4). 
The similarity between Eq , 7.4 and the classical equation for 
the depth of the neutral axi s (Eq . 7. 1) may be noted . In 
particular , Eq . 7 . 4 simplifies to Eq. 7.1 for the case where 
the flexural cracks are parallel to each other . 
It is apparent from Eq. 7 , 4 that the position of the 
neutral axis 1 and consequently the location of the centroid 
of the compression force, depends on the ratio of the crack 
spacing at the level of the reinforcement to that at the top 
of the cracks . If this ratio changes along the beam 1he 
compression force becomes inclined . 
From an inspection of typical crack patterns obtained 1n 
beam tests it appears that there is a change in the ratio 8 r/st 
in the vicinity of the load point . This causes the magnitude 
of the 1nternal lever arm to increase Ln this locality ~ thus 
allowing arching action to develop in this region (see Fig , 
7.10) . Above the last concrete cantilevers in the shear span , 
the ratio increases again causing a decrease in the depth 
of the neutral axis, and consequently an increase in the 
magnitude of the internal lever arm . This in· effect gives 
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rise to a negative arching action . (i.e. the magnitude of the 
internal lever arm increases; see Fig. 7~10). 
6.2 Compatibility Conditions for the Region of the Beam 
Containing the Last Flexural Crack. The deflected shape _ 
of the concrete containing the last crack in the shear span 
is shown in Fig. 7. 9. Wi t ·h reference to this figure the 
relative movement between the mid-point of the concrete 
cantilever "B" and point "A" on the concrete is determined by 
the extension of the reinforcement between these two points, 
and the pull out of the reinforcement from the concrete block 
lying between the crack and the support. The relative movement 
(~) between "A" and " B" can be related to the flexure of 
s 
the concrete cantilever and the compression zone of the beam 
by the equation -
A =-6" +Q d+f L-ls c c (7.5) 
where ~c is the relative movement of point G from D , Qc 
is the rotation of the line G- E with respect to D-A, and f 
is the flexural movement of the concrete cantilever E-B. 
The magnitude of "Ll " depends on the tension force in 
s 
the reinforcement at the crack, and the anchorage cond i tions 
of the reinforcement, 
(i.e. ~s = F(T, bond), where F represents some unknown function1 
The forces acting in the shear span of a beam are shown 
in Fig. 7.11. From equilibrium requirements for the block of 
concrete to the left of the crack 1 the following equation 
can be written -
(7.6), 
where Vcz1 is the shear resisted by the compression zone 
of the beam at this crack, and vt 1 is the vertical component 
of the s~ear transmitted across the crac k . 
The value of the terms Dc and Qc i n Eq .•.  7. 5 depend .... 
on the magnitudes of the compression force · C , and shear 
force V • In general the compression force generates a 
cz 
positive ~omponent of rotation, and the shear a .negative 
component, i..e. 
-
Q = F (G) F1 (V ) c cz 
and 
OC - F (V C·Z) - F3 (C) , - 2 
where F stands for some function. 
If the tension force " T" at the crack increases owing to 
an increase of load on the beam , the incli ned crack must 
extend so that the new values of 
compatibility Eq. 7. 5. 
Q , o and 
c c 
f s a t i s fy the 
It is apparent that there are cert a i.n l imits to the 
magnitudes of V and C beyond which t he compat i b i l i ty 
cz 
condition cannot be satisfied . When thes e are reac hed 
further extension of the diagonal crack does not caus e any 
increase in the term ·(Qc d - oc). The cri tical va l ues for 
any beam depend on the shape of the concrete above t he 
diagonal crack , and the tension force - pull- out relationship 
for the reinforcement. It is uncertain what happens if these 
limits are reached, but it is probable that a diagona l c rack 
would extend to the load point , resulting ~n diagonal tension 
failure or the development of arch action over the complete 
shear span. 
The following practical problems arise when an attempt 
is made to find a solution to Eq~ 7.5. 
· (1) As noted above the magnitude of the term (0 d - 6 ) 
c c 
in the compatibility equation depends in particular on the 
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values of the compression force ·C· , and the shear 1V cz . 9 
.r ·esis.t :ed. by the .compression zone. . This last value .. can .only 
be .. found .. i£. the shear stresses acting across the crack can be 
. dete~mined •. To calculate these values it is necessary t o 
... kno.w .. the dis.tri.bution o! crack width and shear displacement. 
a.long. the crack. Unfortunately these depend on the magnitude.&..... .... 
of V and C • 
. cz 
For ·example, a relatively high value of the . .. 
ratio of v· /C would cause a crack shape similar to that 
cz 
shown in Fig. 7.12b, while in contrast a relatively low value 
of this ratio gives rise to· a crack such as is shown in Fig. 
7.12a. 
(2) It is difficult to find the strain distribution in 
the block of concrete above a diagonal crack~ even if the 
values of C and V are known. The depth of the concrete 
cz 
that can resist these forc·es varies along the crackll so that 
the assumption that plane sections remain p l ane is not 
applicable. The strain distribution must be known if the 
values of Q and c are to be calculated. 
c 0 c 
(3) There is very little experimental work from which a 
relationship may be derived for the pull- out of the reinforce~ 
rnent in terms of the tension force. References to pull~out 
tests in the literature are common , but the effect of dowe l 
forces on the magnitude of the pull- out has not been s t udied. 
Measurements on beams SCl, SC2 and SC3 indicate that when 
dowel cracks have formed there is a marked increase in the 
pull-out (s·ee Fig. 7.23). However~ more experimental work 
is required before the influence of this factor can be 
determined. 
7. LOCAL ARCHING ACTION OVER THE LAST FLEXURAL SHEAR CRACK 
IN THE BEAM 
The forces acting on the concrete in the region containing 
v 
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the last flexural crack in the shear span are shown in Figo 
7. 11. An inclined compression forc·e develops in the concr.ete 
to the_left of the crack 1 • The vertical component of this 
force (as was shown .earlier) is given by-
v c z 1 = v - v t 'I I 
At crack 2, to the right of crack 1, the shear resisted by the 
compression zone is V czZ • Henc·e the vertical force~ 11 At 11 
acting on the compression zone between these two cracks i-s 
given by the expression -
This vertical force at the end of the diagona l crack is induced 
by a change in the shear by the compression zone. The vertical 
tensile stresses resulting from this force may be related to 
the shear in the compression zone by the expression -
d v cz 
ft b = · dx ' 
where ft is the vertic-al tensile stress . Where these stresses 
act on a concrete cantilever the resultant vertica l force 
must be balanced by a change in the magnitude of the shear 
transmitted across the two boundary cracks. If for example 
the shear transmitted across crack 1 ~ in Fig . 7 . 11 ~ wa s to 
decrease, possibly due to the excessive opening of the crack p 
or the formation of an aggregate interlock crack such as 3 - 3 , 
a vertical tensile stress must develop above the concrete 
cantilever. If this stress is of sufficient magnitude crack 1 
must extend unti11either ·the increase in shear -resisted by 
aggregate interlock action in the mid - regions of the crack 
makes up for the shear that was lost owing to the formation 
of the aggregate interlock crack, or the diagonal crack 
extends to the load point. In this position the vertical 
tensile stresses are suppressed by the vertical compression 
stresses under the load~ 
Ag.gr.egate interlock cracks, such as 3-3 in Fig. 7.11, 
ar.e . .more likely to develop from the last crack in the shear 
.span. than from cracks separating the concrete cantilevers. In 
the ~at.t.er situation the tensile. stresses arising from aggregate 
.int.er.lack.. action are largely suppressed . by the flexural 
compressive stresses induced by the bond force. However, these 
.s.tresses. cannot . . s.uppre.s..s. . dowel and. aggre.g.ai:e interlock cracking 
at the level of the reinforcement, and consequently cracking is 
liable- to occur at this level from any of the .cr.acks in the 
shear .. span. This was demonstrated by the .. development of these 
cracks in beams SC3 and CAl. 
The formation of short cracks at the level of the reinfor-
cement does not appear to be critical. Presumably the loss of 
the shear -resistanc·e of the concrete below these cracks is 
compensated by additional aggregate interlock stresses in the 
mid - depth of the beam. However, "if these cracks extend too 
far along the reinforcement the resultattdestruction of bond 
causes the main crack to widen, which results in a reduction 
of the aggregate interlock stresses, and in consequence is 
liable to lead to the rapid extension of the diagonal crack. 
The magnitude of the vertical t ·ension force that can 
develop in the concrete without causing the crack to extend 
depends on the length "g" (see Fig.. 7. 11) over which these 
stresses act.. The writer expects t ·his length to depend on the 
depth of the neutral axis~ and on the ratio of the bending 
moment to the shear force at the point being considered. With 
an increase in the M/V ratio the inclination of the compress-
ion force above the crack should decrease, and as a result of 
this flattening in the trajectory of the compression force a 
greater transition length g can be expected. Originally it 
was. intended to establish some relationship between the M/V 
rat.io, the dep.th of the neutral axis, and the mag.n.itude . of 
f or.c.a ".At " that could develop in the concrete. However ~ 
insuff.icien.t experimental results were obtained in the 
available time to establish such a relationship. 
8. ARCHING ACTION OVER THE COMPLETE SHEAR SPAN 
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It has been shown in the preceding sections that arching 
action can only occur to an appreciable extent in two distinct 
regions of the shear span of a beam. One is above the last 
.a~~onal crack in the beam, and the other at any point in the 
s.pan where there is an abrupt change in the shear resisted by 
the. beam. If arching action is to develop over the complete 
shear. span, then these two regions must overlap.. This can 
.only occur by the propagation of the diagonal crack through 
the compression zone until it reaches the vicinity of a load 
point. Arching over the complete shear ·span cannot develop 
unless the loads are applied to the compression surfaces of 
the beam, as the compression stresses directly under the load 
point ar·e necessary to prevent the crack propagating completely 
through the compression zone, and thus causing failure of the 
beam. This was demonstrated very conclusively by Ferguson 
and others (see Chapter 1 Section 4.8). 
The strength of the reinforced concrete beam, when arching 
action develop s over ·the complete shear ·span, depends on the 
shape of the concrete remaining above the diagonal crack. When 
the shear span to the effective depth ratio is greater than 
2.5, the compression zone left above the diagonal crack is 
long and thin. As it is subjected to an inclined compression 
force predominantly flexural stresses are induced, which cause 
a flexural tension failure of this compression zone (see Fig. 
7.13). For beams with an a/d of M/Vd ratio greater than 2.5, 
tha .load_carrying capacity in arch action appears to be less 
than tha lo.ad at diagonal cracking_.and consequently failure 
occurs at the diagonal cracking load (diagonal tension 
.~ai.lu:r.e.)_ •.... When.. the .sbear .. span to e£.fective .. dep.th ratio is 
.le.ss .tban._.2....S, . the block of concrete remaining above the 
.. diagonal crack is able to withstand the inclined compression 
force. In this c-ase failure may occur at a higher load when 
the compression zone fails in flexural tension, or when the 
concrete above the end of the diagonal crack crushes , see 
Fig. 7.13 (shear compression failur·e) . 
In beams with very short shear spans (i .. e. a/d 1) two 
other types of failure are possible. The first is due to 
crushing of the concrete under the load point or -above the 
support point, and the s·econd to a splitting failure of the 
concrete between the load and the support . Brook58 has 
pointed out that the block ·of concre~e between the support 
and the load is subjected to a steeply inclined compression 
force, and that this forc·e tends to split the concrete in much 
the same way as a concrete cube is split when line loads are 
. . 
applied to opposite sides (see Fig. 7.14). Clearly this 
split·ting load depends very much on the way the loads are 
applied to the beam. For example, an increase in the width 
of the bearing plates under the load and the supp.ort point 
would increase the cracking load. 
Brook has suggested that this situation might be analysed 
b 1 h 1 . . . h b 60 1 . d 59 y ana ogy to t e sp ~tt~ng test on t e cu e or cy ~n er • 
The transverse tensile stress in a cube induced by two line 
loads acting as shown in Fig. 7.14b, is given by -
Relating this expression to the beam, and assuming that the 
tensile stress at failure is ft ; then the shear at failure is 
flexural tension crar ---- ·)-
1:::===::;~~-----~=====......--;=t====~ 
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v = 
7f d b f~ 
2 
and the nomi nal shear stress corresponding to thLs critical 
value is -
.§. f' 7 t = 1 8 f ·· 0 ~ 
Eq. 7.6a is based on the supposition that line loads are 
applied to the top and bottom surfaces of the beam. The 
situation is improved if bearing plates are used. Henoe in 
g.eneral the above equation ·may be expected to underestimate 
the load at which the diagonal crack forms. 
9. BEAM TESTS SC1, SC2, AND SC3 
The main object of this experimental work was to observe 
the local arching action above the last diagonal crack in the 
span, and to record strain and displacement measurements 
pertinent to c~mpatibility requirements . 
Three beams were tested. These were simply supported , ·and 
loaded by a single point load acting at the mid- section. Details 
of the materials .used and the dimensions of these beams are 
presented in Table 7.1, Fig. 7.15 and in the text. Further 
details are given in Chapter· 10. 
9o·1 Beam SCL Crack initiators were included in this beam 
to eliminate aggregate interlock action across the initiated 
crack in each span (see Fig . 7. 15) .' This . ensured that ·the 
shear strength of the portion of the beam containing these 
cracks was a result of the dowel action of the reinforcement, 
and the shear resistance of the compression zone. 
The load was applied to the' beam in the stages listed in 
Table 7.2 . At increment ·2 the cracks had extended to the top 
·of the crack initiators. The addition of each subsequent load 
' ~ 
..... 
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TABLE 7o1 
ITEM 
Concrete 
Strength 
psio 
Age at 
Test·ing 
Days 
Dimensions 
Reinforcement 
DETAILS OF TEST BEAMS SC1.A SC2! AND S.Q.1 
SCl 
7 
Width = 
5,230 
618 
6 ino 
Effec.tive depth 
Total depth 
Shear span 
Anchorage zone 
= 
= 
= 
= 
·· SG2 
5,640 
665 
7-8 
' 
12 in o 
14 ino 
36 ino 
10 in. 
Two - 1 in. diameter deformed bars. 
Yield point = 44,500 psio 
SC3 
5,850 
690 
7-8 
Centre of bars 2 in o above the bottom of 
mould during casting . 
~'c Modulus of rupture calculated from values listed in 
referen:ce 34. 
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until load increment 6, caused these cracks to penetrate for 
a short distance into the compression zone . It may be noticed 
· from Fig . 7. 16 that compressive stresses existed below the 
level of the top s of the cracks , (i.eo the compression zone 
was not confined to the area above the cracks) though the 
magnitude of the compression force transmitted below these 
cracks is small. Presumably these stresses were sustained 
by aggregate interlock action acr oss the section of the crack 
above the level of . the ini.tiator.s' Cif:ld .by aowe l action ·.of .. -
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the reinforcement ~ 
Short dowel cracks appeared at increment 4. These did 
not extend appreciably until failure occurred~ At load stage 
6 the East span of the beam failed by the extension of the 
:lnit"f.at:ed:cra·ck::through the compression zone of the beam. Externa J 
clamp - on stir rups were used to repair this span, and the test 
was continued. The shear applied for load increment 7 was the 
same as for load increment 5. · When strain readings had been 
taken, the load was again increased to the level for increment 
6 . This time the West span failed in a similar manner to the 
East span. 
Some of the experimental results obtained from this test , 
and computations based on the results , are presented in Table 
7.2 . The shear resisted by dowel act i on of the reinforcement 
was assessed from the measured shear displacement across the 
initiated crack, by substituting in the appropriate equations 
derived in Chapter 5. The shear resisted by the compression 
zone was therefore found from -
= 
where Df is the dowel shear in the reinforcement . 
The tension force at the initiated cracks (listed in 
Table 7 . 2) was found from the equilibrium requirements for 
the free body shown in Fig. ? . 18 . The magnitud~ of the inter nal 
lever arm was determined from the strain distributions above 
the end of the initiated portion of the crack. 
The crack pattern, and some of the strain distributions 
recorded in this test, are shown in Figs ~ 7 . 16 and 7 . 17 . 
9.2 Beam SC2. This beam was very similar in construction to 
SC1, the main difference being in the position of the crack 
Beam SC1 
Gauge Row 
sw 
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. . 
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Fig,7.18 - FREE B.ODY DIAGRAMS USED TO CALCULATE TENSION 
FORCE IN REINFORCEMENt 
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initiators ~ In this case t heywere situated six inches closer 
to the load point . 
The loads applied for the different increments are listed 
in Table 7 . 2 . The beam behaved in a very similar manner to 
beam SCl , until load stage six was reached . At this load l eve l 
both initiated and dowel cracks extended for a considerable 
distance, but failure did not occur, For the next two load 
increments these cracks continued to propagate ~ until at load 
stage 8 a crack extended from close to the load point to within 
10 in . of the support points . Fai l ure finally occurred in the 
West span at load increment 10. 
In Table 7 . 2 some of the r esults obtained from this test 
are listed. The values of the shear resis ted by the compress -
ion zone and by dowel action were calculated in the same manner 
that was used for beam SCl o 
The shear resisted by the compression zone of beam SC2 
was of the same order of magnitude as for the previous test to 
the stage where diagonal cracks extended to the load point . 
There was a large difference in the ultimate strength of 
the two beams SCl and SC2. This was due to the development of 
arching action over the complete shear span in the sec ond of 
these beams , but not in the first. In beam SCI the zone · of 
concrete remaining above the diagonal crack , when this extended 
to the load point~ was thin. Consequently the inclined compre-
ssion force acting on this zone caused a flexural failure of 
concrete (see Fig ~ 7.13) ~ In the second beam (SC2) the 
initiated crack was closer to the load point ~ thus the 
compression zone remaining above this crack was shorter and 
thicker than in the previous beam . In this case the concrete 
was able to withstand the inc l ined compression force , and 
arching action developed. 
TABLE 7.2 CONDITIONS AT INITIATED CRACKS 
BEAM SCl 
Load Shear Vertical Crack 
Stage Displacement Width 
v psi v lb. x 105in. x 1Q5in. n E* W* E. w. 
1 26 1,630 4 
-
18 
-
2 52 3 , 260 27 31 52 61 
3 78 4 , 890 83 80 93 93 
4 91 5, 705 143 116 119 117 
5 104 6,530 242 196 163 160 
6 118 7,345 
-
East Span Failed 
7 104 6,530 
-
311 
-
l 189 
8 118 7,345 
-
West Span Failed 
BEAM SC2 
1 26 1,630 
2 52 3,260 70 156 88 52 
3 65 4,075 
4 78 4 ,890 138 214 146 162 
5 91 5,705 
6 104 6,530 380 620 250 305 
7 11 7 7,345 
8 129 8 , 150 2 ,420 5,380 730 1,1~0 
9 
' 
155 9,780 
10 181 11 , 410 
-
*E - East Span W - West Span 
BEAMS SCl AND SC2 
Dowel Shear in 
Shear l~m~t-ession 
lb. on,S_ lb. 
E. w. E. w 
60 
-
1,570 
-
410 470 2,850 2,790 
1,260 1,220 3,630 3,670 
2,180 1,760 3,525 3,945 
3,080 2,980 ~,450 3,550 
- - -
-
3,080 
-
3,450 
-
1,140 2,520 2,120 740 
-
2,260 3 , 500 2,630 1,390 
3,310 3,310 3,220 3,220 
Arching Over 
3,310 3,310 the complete 
span 
I 
Tension 
Force 
lb. 
E. w. 
2,800 
5 , 500 5,400 
7,600 7,600 
8,600 8,900 
9,600 9,600 
- -
-
9,600 
- -
6 , 900 6 '100 
9,900 9,900 
13,600 14 '100 
19,000 20,600 
I 
,.... 
\0 
~ 
The crack pattern and a few of the strain readings recorded 
in this test are shown in Fig. 7.17 and 7.19. These confirm 
that arching action developed over the complete span of the 
beam between load increments 6 and 8. This coincided with the 
extension of the diagonal cracks in the beam. 
During this test strains were measured on a number of 
gauges . situated below the diagonal portion of the initiated 
cracks, but just above the level of the reinforcement. The 
exact position of these gaug.es is shown in F i g. 7.20 . They · 
were located to detect any strains generated by an inclined 
compression forc·e resulting from dowel action of the reinforce ... 
ment. The recorded values of strain are shown in the same 
figure. 
The results indicate that an inclined compressi on force 
did in fact develop, and this force appeared to increase 
slightly after dowel cracking had occurred. It should be noted 
that these inclined gauges also measured any flexural stresses 
arising from the bond force. These flexural stresses would 
tend to oppose the dowel stresses. The apparent increase in 
the compression strains after the formation of the dowel cracks 
·may have been a result of an increased dowel shear , or alter-
n~tively a result of a reduction of the bond force moment. Such 
a reduction could be expected to accompany the development of 
arching action over the complete span of the beam. The 
-important conc-lusion that can be drawn from these result·s is 
th4t dowel action can still occur after dowel cracks have formed 
in the concrete, even in a case where the crack originates 
eighteen inches from the support point. 
9.3 . Beam SC3. The crack ·init.iators included in this beam (see 
Fig. 7 . 15), were used only to locate the positions of the main 
flexural cracks. This was achieved by using two 3/4 in . wide 
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strips at each crack location. Longitudinal strain measurements 
wer:e. made a .long the complete length of the beam containing the 
cracks. Measur.ements were made to observe the way in which 
these cracks opened. 
The load was applied to the beam in the stages listed in 
Table 7.3. In this test, in contrast to the previous two, there 
was no fully initiated crack (i.e. a built- in weak section), 
and consequently all the cracks propagated at about the same 
rate. None of these extended appreciably into the compr\~sion 
zone, exce~t at the instant of failure. The West span f~led 
when the last crack extended suddenly to the top surface of the 
beam. This occurred while load increment 8 wa? being applied. 
The shear that caused this failure was 12 , 900 lb.~ and the 
corresponding nominal shear stress was 205 psi. The span was 
repaired by fitting external clamp-on stirrups, and the test 
was continued. The East span failed in a very similar manner, 
but at a considerably higher load when the shear was 15 , 850 lb., 
and the corresponding nominal shear -stress was 252 psi. 
The first visible dowel cracks were observed at load 
increment 6. These extended with each increase in load • and 
by increment 8 a dowel crack had formed from every major 
flexural crack in the .East span of the beam. 
Some of the experimental results relating to the conditions 
at the last initiated crack in each shear span are tabulated in 
Table 7.3. The dowel shear was computed in the same manner as 
was used for the previous beams. The aggregate interlock shear 
forces were calculated in the following way. The crack was 
divided into segments, in which each one consisted of a one 
inch vertical section of the crack surface with a width equal 
to the cracked section of concrete. (i.e. 4% ina). The crack 
width and shear displacement for each segment were determined 
from the experimental observations. At locations where no 
measurements were made , these values were assessed by linear. 
interpolation between the experimental measurements of vertical 
and .horizontal displacement across the crack. Aggregate inter-
lock stresses on the concrete below the reinforcement were 
ignored because of the presence of dowel cracks . The sections 
near the top of the cracks, on which small negative shear 
displacements were calculated , were also neglected . 
The tension force listed· in Table 7.3 was found in a 
similar manner to that in the previous two cases . However , in 
this beam the effect of the aggregate interlock forces on the 
free body had to be cons~dered . In connection with this force 
a simplifying assumption was made . The line of action of the 
resultant aggregate interlock force was assumed to intersect 
the crack at the level of the reinforcement (see Fig . 7.18). 
The crack pattern in the East span of the beam is shown 
in Fig. 7.17, and some of the longitudinal strain measurements 
made on this span are shown in Fig . 7 . 21 . Other experimental 
results obtained from this beam test are discussed in Chapter 
6. 
10. COMPARISON OF EXPERIMENTAL RESULT~OF BEAM TESIS SC1~ 
SC2, AND SC3 
The proportions of shear that are resisted by dowel and 
aggregate interlock actions, and by compression zone of the 
beam, are listed in Tables 7 . 2 and 7.3, and shown graphically 
in Fig. 7. 22. 
It may be noticed that the shear that can be resisted by 
the compression zone prior to the development of arching~ 
action over the complete span , varied very considerably between 
tests . From the previous sections of this chapter it appears 
that the magnit~pe of the shear resisted by the compression 
zone does not determine when the diagonal crack extends. Instead, 
TABLE 7.3 CONDITIONS AT LAST iNITIATED CRACK IN SPAN BEAM SC3 
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10 
this depends on the rate of change of shear resisted by t he 
compressi on zone . Unfortunatel y insufficient strain readings 
were made to determine this critica t value.~ 
In Fig. 7.23 the crack widthSlisted in Tables 7. 2 and 7. 3 
are plotted against the tension force carried by the reinforce= 
ment . Although the bonding conditions were the same for the 
three beams, there appears to be no simple relationship 
between the crack width and the tension force . The shear 
displacements across the crack 11 which are indicated in this 
figure , appear to have a cons i derable influence in the crack 
width. 
11. .QQNQLUS .1Qtl§. 
It has been shown i n t his chapter that with the occ urrence 
of arch action in a reinforced concrete beam a longitudinal 
discontinuity develops between the flexural tens i on reinforce~ 
ment and the concrete in the compression zone of the beam" 
This discontinuity$ known as a translational displacement ~ 
violates the Navier- Bernoulli hypothesis of plane sections 
remaining plane . In beams with unbonded reinforcement these 
displacements can occur with the displacement of the rein~ 
forcement through the concrete . Howeve r 9 in beam's wher e 
reinforcing bars are bonded to th~ concrete~ ·appreciable 
translational displacements can deve l op only when a diagona l 
or horizontal crack separates the compression and tension 
zones of the beam~ From this it was deduced that arch act i on 
can occur in a normal reinforced concrete beam only ·after 
inclined .or horizontal cracks have formed in the beam. 
An examination of the compatibility conditions for the 
concrete and steel indicates that arching action may only 
occur in two zones of the shear span. These are; 
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(1) above a major diagonal crack 9 and 
(2) in the immediate vicinity of the load pointo 
For arching action to develop over the complete shear span 
these two regions must overlap; a situation that exists when 
the diagonal crack extends to the load point. At this stage 
an inclined compression force acts on the concrete remaining 
above the diagonal crack. This force induces both flexural 
and compressive strains in the concrete. When the shear span 
to effective depth ratio is. greater than 2o5 , the flexural 
stresses appear to predominate~ causing a flexural tension 
failure of the concrete in the compression zone 9 and consequent 
collapse of the beam immediately after the crack has extended 
to near the load point (a diagonal tension failure). In 
beams with a shear span to effective depth ratio of less than 
2o5, an increase in the load carrying capacity above the load . 
cati's'.~ng the extension of the diagonal crack to the load point 
may be expected. In this case arch action can develop as the 
concrete above the diagonal crack can resist the inclined 
force. In such cases failure ultimately occurs by either 
a flexural tension failure of the compression zone 9 or a 
compression failure of the concrete above the diagonal crack 
(a shear compression failure). 
It was shown that the occurrence of arching action over 
a short section of the beam, 'for example . above a major 
diagonal crackd induces vertical tensile stresses in the 
~ 
concrete at the end of this crack. If these stresses are of 
sufficient magnitude they cause the diagonal crack to extend. 
An examination of the compatibility and equilibrium require~ 
ments of such a section of the beam provided little informa-
tion on the distribution and magnitude of the stresses at the 
end ·of such a cracko Experimental investigations in the same 
region of the beam failed to answer these problems. It appears 
that more experimental work is required on the actions and 
deformations in this region' of the beam, and in particular an 
examination of the influence of dowel action on the pull- out 
of the reinforcement from the concrete is desirable. 
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In the preceding chapters several different actions, 
which occur in the shear span of a reinforced beam, h ave been 
examined . In this chap~er the more important of these action~ 
are reviewed , and the action of web reinforcement is considere 
In the latter sections the influence of different factors on 
the shear strength i s predicted qualitatively from the theory 
presented in this thesis . 
2 . THE BEHAV IOUR OF A REINFORCED CONCRETE BE AM SUBJECTE~ TO FLEXUREANDSHEAR __ _ 
In Chapter 2 the equilibrium conditions for the shear 
span of a beam were examined . It was shown that the shear 
can be resisted by two actions, namely beam action and arch 
action . In beam act ion bond forces are induced between the 
concrete and the reinforcement , and these in turn induce 
shear stresses in the tension zone of the beam . However, 
with arch action the tension force in the re inforcement 
remains constant, and the shear is resisted by the inclination 
of the compression force . An equation linking both beam and 
arch action to the applied shear was shown to be -
v = 
beam action 
_T did 
+ ·. dx 
arch action 
-----<2. n~ 
This equat ion is not exact owing to the fact that in its 
derivitation the bending moment resisted by the shear force 
transmitted across the crack was neglected . The error 
21L 
asso.c.ia.ted .. . wi_th the ... equat.io.n . may be expected to increase as 
the. diagonal cracks extend in the shear span. 
To find the distribution of these two actions in a 
shear span , the compatibility conditions were examined. ' From 
this examination, which was reported in Chapter 7, it was 
found that arch action could develop to an appreciable extent 
in only two -regions of a beam, .namely above a diagonal or 
horizontal crack, and near the load point of a beam. 
In Eq . 7.3 it was shown that the posit-ion of the neutral 
axis in the shear span of a beam depends on the ratio of the 
crack spacing at the top of the cracks to that at the level 
of the reinforcement (sr/st). This equation, which is given 
below, is very similar in form to the classical equation for 
the depth of the neutral axis in a beam subjected to 'pure 
flexure. Eq. 7.3 is -
k = Jp2 n2 + 2..12....n sr/st -
sr/st 
pn 
It may be noted that when the cracks are paralle l to each 
other the term sr/st is unity, and the equation simplifies 
to t ·he classical equation for the depth of the neutral axis. 
If the crack pattern of the beam is known, Eqs . 2.7 and 
7.3 may be used to determine the distribution of the bond 
forces in the part of the shear span of the beam containi ng 
concrete cantilevers. Such an analysis was carried out for 
the prototype beam shown in Fig. 8.1. The crack shapes in 
this beam have been taken from Fig. 6.12. The results of the 
analysis show that beam action predominates in the region of 
the beam containin~ the concrete cantilevers, and arch action 
only becomes significant close to the load point. The 
analysis could not be extended to the zone of the beam 
between the last crack ·in the shear span and the support 
212 
Cradt Pat tern 
1.5 
v ~ -· ----1 ~-- ·-
I 
·5 I 
Rat io of Crad~ Spadny cat Leve t of Reinforcement t o that 
the Top of the Ct·act<s 
.0 
.1 
.2 
..:.c .3 
"0 
""' 
.4 
.5 
D 
>- 1.0 
II . 
-;1 .g 
-Ill 0 o8 
~ c 
0 
~·:;; .7 
L.. 
0 
a. 
0 ·6 L.. 
a. 
- · 
-
-
I 
I· 
I 
. I 
. ~ / 
-
....- I ~ / ~ / 
J 
Variat ion of Depth of Neutral Ax is 
/ '.l_j ~ /~ 
theoretical "shear 
arch act ion~ ~LL stress for beam 
act ion v - vl 
• - bjd 
Shear Stress an Tensi on Zone 
Fig.8.1 -THEORET ICAL VARIAT ION. OF SHEAR STRESS l N THE 
TEN SION ZONE OF A PROTOTYPE BEAM 
.2.13. 
point , as the compatibility conditions for this zone of the 
beam were not formulated. Further research into the stra i n 
distributions in the concrete and steel in this region of the 
beam is required before this formulation may be made. However ~ ·-· 
experimental work reported in Chapter 7 indicates that arching , 
action may in fact develop to an appreciable extent in this 
region. 
3. BEAM ACTION 
With beam action bond forces act on the concrete 
cantilevers in the shear span of the beam ~ and these induce 
both shear and bending moments in the cantilevers. The shear 
f:orce is resisted by the concrete between the cracks, while 
the bending moment is resisted by; 
(a) the flexural resistance of the concrete between the 
cracks, 
(b) shear forces transmitted across the crack by 
aggregate interlock action, and 
(c) by dowel forces of the flexural reinforcement . 
The resistance provided by these actions is referre~ to in the 
remainder of this chapter as cantilever action. In ~hapter 3 
it was shown that for normal rectangular beams , the ma ximum 
bond force that can. be resisted by the flexural resistance of 
the concrete is about 20% of the total bond fore~. In Cha~ter 
5 it was found that a further 20% of the bond force might be 
resisted by dowel action of the reinforcement . The remaini ng 
60% or more of the bond force is resisted by aggregate 
interlock action . (Chapter 4). It is apparent from the 
experimental work presented in these three chapters that 
aggregate interlock action is the predom~nant action . 
The resultant bending moment resisted by the concrete 
at any section in a concrete cantilever may be calculate~ .if 
the magnitudes. o.f the .. bond force, the shear stresses , ~nd 
doweL..forces .. acting .. across . the crack are known. The . general 
shape .. of tha. bending moment distribution in the concrete . 
cantilever., and the deflected shape that this distribution.. 
induces, are shown in Fig. 8.2. A similar distribution. of .. 
bending moment was found from experimental work reported in 
Chapter 5, and a similar deflected shape was measured in a 
beam test reported in Chapte+ 6 . 
The concrete cantilevers may fail in two ways . The 
first is by the formation of inclined cracks in the lower 
reaches of the tension zone of the beam. (These cracks were 
described as aggregate interlock cracks . ) The second is with 
the occurrence of excessive dowe l cracking at the leve l of the 
reinforcement. 
Aggregate interlock cracks may develop i n the concrete 
cantilevers (i . e . crack 2-2 Fig . 8 . 3) 9 or from the la~t c rack 
in the shear span (crack 3-3 Fig . 8.3) . In the for mer l ocat-
ion the cracks arise owing to the high flexural tens i on 
stresses in the lower sections of the concrete cant :1 lever ~ 
while in the latter situation they are caused by dia,•ona l 
tension stresses arising from the shear transmitted a cros s 
the crack. The formation and opening of these cracks r educes 
the shear displacements, and hence ~he shear stresses 9 that 
act on the concrete situated below the aggregate interlock 
crack. With the loss of shear force transmitted across one 
of the boundary cracks of a concrete cantilever there i s a 
resultant downward shear -force acting on the concrete . This 
force must be balanced by direct tensile stresses acting 
across the base of the concrete cantilever (see Fig . 8 . 3). 
These stresses, acting in conjunction with the flexural 
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tensile stresses from the concrete cantilever, may cause .the 
crack to propagate through the compression zone of the beam. 
This appears to be one possible mechanism causing diagonal 
cracking of a beam. 
The occurrence of short cracks in the concrete at the 
level of the reinforcement (i.e. dowel cracks) does not appear 
to have the same detrimental influence as the formation of 
aggregate interlock cracks. In several beams tested in this 
project short dowel cracks were observed to develop well 
before the diagonal cracking load was reached (see beams 
CAl, SCl, SC2 and SC3). However, in the region of the shear 
span cqntaining the concrete cantilevers, the development of 
extensive- dowel cracks may completely destroy the bond b.etween 
the concrete and the steel , and thus destroying cantilever 
action. This would also result in diagonal cracking of the 
shear spano 
With the formation of dowel cracks in the concrete 
cantilevers dowel action is likely to be greatly reduced 
owing to the reduced flexura l resistance of the remaining 
uncracked concrete sectiop at the l eve l of the reinforcement~ 
The same situation does not arise with dowel cracking from 
the last flexural crack in the shear span. Experimental work 
reported in Chapters 5 and 7 shows that in this situation the 
dowel force only decreases slightly ~ if at a ll~ with the 
formation and extension of dowel cracks . In this case the 
main detrimental influence of the cracking appears to be due 
to the destruction of the bond between the concrete and steel~ 
which leads to opening of the crack~ The aggregate interl ock 
action that can be developed prior to the formation of an 
aggregate interlock crack is reduced with this increas e in 
crack widtli''~ and the flexural crack may be expected to extend 
further into the compression zone of the beam. The l ast 
deduction is made from an examination of the compatibility 
conditions in this section of the beam. With increased crack 
width the rotation of the compression zone between t he centre-
line of the last concret·e cantilever and the vertical section 
above the end of the diagonal crack must increase (this was 
shown in Chapter 7 Section 6.2). An increase in the rotation 
can only occur if -
(a:) the top end of the crack extends in a diagonal or 
horizontal direction, or if 
*See Chapter 4 Section~.3 
(b) the compression force moves towards the extreme 
compression fibre of the beamo 
The last situation implies a decrease in the shear resisted 
by arch action and an .increase in the shear resisted by beam .. 
action. 
The extension of the crack into the compression zone of 
a beam , which may arise owing to excessive dowel cracking~ 
might be a cause of diagonal cracking. Howevever , it is not 
clear what stresses initially cause the extension of the crack 
into the compression ··zpne. Further research is required to 
investigate the conditions existing at the last crack in the 
shear span to determine the conditions under which dowel 
cracking initiating from this crack may lead to diagonal 
cracking of the beam. 
4. THE LOAD ~-BXING CAPACITY OF A B~~M AFT~B-Ql6§0N~~ 
CRACKING 
It was shown in the previous section and in Chapter 7 , 
that the extension of one of the cracks through the compress ~ 
ion zone of the beam (at the diagonal cracking load) was 
caused by vertical tension stresses which developed ot ~he 
end of the crack. This crack can on ly be stabilised 1f these 
tensile stresses can be suppressed. In a beam without shear 
reinforcement this can only occur when the crack extends to 
the load point. At the load point these tensile stresses 
are suppressed by the vertical compressive stresses. If the 
beam is loaded through secondary beams the cracks cannot be 
stabilised, and consequently they extend right through the 
compression zone of the beam (i.e. a diagonal tension 
failure occurs at the diagonal cracking load). 
With the extension of the diagonal crack to the load 
point, arch action develops over the complete shear span. 
219 . 
With this action the compression force becomes inclined , and 
consequently it induces both axial and flexural stresses .in 
the con~rete remaining above the diagonal crack (see Fig. 7 . 13), 
The relative magnitudes of these stresses depend on the shape 
of the concrete remaining above the diagonal crack. In 
rectangular beams where the slenderness ratio (a/d or M/V·d) 
is greater than a certain critical value~ (about 2.5) the 
concrete remaining above the crack is long and slender , and 
consequently high flexural stresses are induced in the concrete 
by the inclined compression force . The flexural stresses l ead 
to a flexural tension failure of the compression zone of the 
beam at the diagonal cracking load, and this causes a diagonal 
tension failure of the shear span . In beams where the slender-
ness ratio is less than the critical value the concrete remain-
ing above the diagonal crack can withstand the inclined 
compression force . For these beams failure ultimately occurs 
at some load above the diagonal cracking load , when -
(a) the compression zone fails due to excessive 
flexural tensile stresses arising from an increase in the 
magnitude of the eccentric compression force , or 
(b) the compression zone fails with the crushing of the 
concrete above the end of the diagonal crack (a shear comp-
ression failure) . 
5 . THE ACTION OF WEB REINFORCEMgNT 
From a knowledge of the deflected shape of the shear 
span containing no web reinforcement , it is possi~le to 
visualise how such reinforcement would act if it had been 
included in the beam . 
Where stirrups are attached to the longitudinal 
reinforcement in a concrete cantilever, the system may be 
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likened to a tied cantilever (see Fig . 8.4). In this 
situation the total bond force acting on the concrete canti-
lever is resisted by cantilever action, and by a tension force 
in the stir~up with an inclinep ' compression force in the 
concrete cantilever. The forces arising ·With the web reinforce. ... 
ment are similar to those predicted by the truss analogy. 
However~ the truss analogy implies that all the shear is 
resisted by web reinforcement , but the mechanism described 
above allows only a portion of the shear to be resisted in 
this manner, with the remainder ·being resisted by cantilever 
action . 
Truss action, which develops when web reinforcement is 
included in a beam, may be expected to enhance cantilever 
action in several ways o The stirrups reduce dowel cracking , 
and this increases the shear that may be resisted by dowel 
action of the reinforcement. The inclined compression forces 
in the concrete cantilevers tend to suppress the flexural 
tensile stresses in the concrete, and consequently the 
formation of aggregate interlock cracks i~ delayed. 
Stirrups positioned near the last crack in the beam 9 
but on the side nearest to the support point (or point of 
contra-flexure)~ restrain the opening of both aggregate 
interlock and dowel cracks. By this means a limited amount 
of shear may still be transmitted by aggregate interlock action 
to the concrete situated below the aggregate interlock crack. 
The restraint that these stirrups provide against the opening 
of dowel cracks improves the anchorage conditions of the 
reinforc·ement, as the dowel cracking ll and the resultant 
destruction of bond are reduced. 
The increase in dowel action , which may occur if stirrups 
are included in a beam~ is not necessarily very great. In 
beams without web reinforcement the dowel action is limited 
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by the tensile strength of the concrete at the level of the .. 
reinforcemento However » in beams containing stirrups ~ the 
reinforcement may be held in place by forces from the 
stirrups and by compression · forces from the concrete. ln 
this situation it is the flexural rigidity of the reinforcing 
bars which is likely to limit the shear resisted by dowel . 
action. The presence of axial tension stresses in the rein·~ 
forcement reduces the flexural stress which is required to 
induce- yield of the steel~ and hence the axial tension may 
reduce the f l exural rigidity of the reinforcement. 
The transverse displacements ~ which occur bet ween t he 
compression and tension zones of the beam~ stress any web 
reinforcement that is present . These movements arise from 
two actions; namely~ the f l exural rotat ion of the compression 
zone~ and the flexural rotation of the c'Oncrete cantilevers. 
The deflected shape of a section of a beam is shown in Fig. 
8,5. In this diagram it may be seen that the displ acement 
between the two ends of the stirrup~ and hence the average 
stress in the stirnup) varies with its position in relation 
to the cracks. For example~ to fully stress stirrup 1 
(Fig. 8.5)~ the crack need only extend to the position shown ~ 
but to stress stirrup 2 to an equivalent level~ the cr ack 
must extend into the compression zone of the beam. 
6. F~11URE MECHANISMS FOR BEAMS CONTAINING_flEJL!i~!;:lFOR.QEMENT 
The addition of ·web reinforcement to a beam increases the 
strength of the concrete cantilevers, so that the shear that 
may be resisted by beam action is increased. The failure of 
beam action, leading to diagonal cracking, cannot occur unti l 
the strength of the c ·oncrete cantilevers has been exceeded. 
Above the diagonal cracking load~ when one of the flexural 
cracks extends to the load point~ arching action may develop 
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a, 
B~ . ~~------~~-..;..._--*--.---+- C0.: bond force reststed by 
cantilever action 
Polygon ot .·Forces 
Fig .. 8~4. - FORCES ACTJNG ON A CONCRETE CANTILEVER CONTAINING 
WEB REINFORCEMENT 
6 : transverse movements in stirrups due to flexural 
rotation of compression zone 
J' : transverse movements in st1rrups due to flexural 
rotation ·of concrete cantilever 
Fig.8.5-STRESS.ING. OF WEB REINFORCEMENT DUE TO FLEXURAL 
ROTATIONS OF THE COMPRESSION ZONE AND THE CONCRETE 
CANTILEVERS 
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over the complete shear span in a very similar manner to that 
in a beam containing no web reinforcement. There is 3 however:) 
one apparent difference. In a beam without web reinforcement 
diagonal cracking very greatl y reduces the strength of the 
concrete cantilevers~ and consequently the majority of the 
shear must be resisted by arch action. In a beam containing 
web reinforcement diagonal cracking does not reduce stirrup 
stresses , and hence the bond force that is resisted by truss 
action is not destroyed. .It l.S apparent that in the l atter 
situation , a considerable portion of t he shear may be resisted 
by beam action after diagonal cracking . Thusl> with web rein-
forcement the compression force does not become as steeply 
inclined i n the compression zone of the beam as it does in a 
similar beam without web reinforcement . Hence a flexural 
tension failure of the compress i on zone , giving rise to a 
diagonal tension failure of the beam~ is in this case less 
likely. 
It is possible that a shear fai l ure may occur before the 
beam action breaks down. It was indicated in the previous 
section that it may be necessary for the cracks in the beam to 
.. · 
extend into the compression zone to allow the web reinforcement 
to be fully stressed . In this situation the reduction in the 
size of the compression zone may initiate a compressi on 
failure of the concrete (i . e . a shear compression failure). 
7. FACTORS INFLUENCING THE SHEAR RESISTANCE OF BEAMS 
~ITHOUT WEB:REINFORCEMENT 
The theory that has been advanced to account for the 
behaviour of those , sections of a reinforced concret~ beam 
subjected to flexure and shear is far from complete; but even 
at its present stage it is possible to use this theory to 
explain the influence of some factors, and predict the influence 
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of others on the shear strength of beams. However ~ at this 
stage only qualitative predictions may be made . The following 
discussion does not include those beams containing shear spans 
with very small slenderness ratios that fail in shear proper .. 
(i.e . a/d less than 1). 
7.1 !h§_Slendern~s RatiQ_ia/d or_M/Vd ra!io2~ The type of 
shear failure that occurs in a beam appears to depend primarily 
on the slenderness ratio of the shear span . If t~is ratio is 
above a certain critical value (about 2 . 5 for rectangular 
beams), a diagonal tension failure occurs when beam action 
breaks down ) but if the ratio is less than the critical value ~ 
arching action may develop over the complete span after 
diagonal cracking. 
In Chapter 4 it was shown that the magnitude of the 
critical shear stress transmitted across a crack by aggregate 
interlock action, which resulted in the formation of a 
secondary ·(aggregate interlock) crack 9 changed with differing 
crack widths . In particular it was found that the critica l 
shear stress decreased if the width of the primary crack over 
which the aggregate interlock action developed was increased . 
It was suggested that with increasing crack width fewer 
aggregate particles could transmit shear across the crack ~ and 
consequently less uniform stress conditions occurred in the 
concrete on either side of the crack . Thus with an increase 
in the crack width the magnitude of the peak tensile stresses 
in the concrete on either side of the crack increased . Hence 
the magnitude of the critical stress transmitted across the 
crack by aggregate interlock action, which causes the forma -
tion of a secondary or aggregate interlock crack, is reduced . 
It was shown in Chapter 7 that the formation of an 
aggregate interlock crack was liable to result in the break 
down of beam action. When beam act ion does fail diagonal 
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cr·acking of the shear span occurs . Hence any factor· that is 
varied so as to cause an increase in the width of the fLexura J 
cracks may be expected to reduce the diagonal cracking load 
of the beam. 
With an increase in the length of shear span for a 
given depth of beam) there is a correspond1ng 1ncrease 1n the 
magnitude of the bending moments, and hence the widths of the 
cracks in the beam . Therefore an increase in the s l endernes s 
ratio of the shear span (a/d or M/Vd) may be expected to lead 
to a reduction in the shear sustained by the beam at diagona l 
cracking (or diagonal tension failure load) . 
In the range of a/d or M/Vd ratios where arching action 
may develop over the complete shear span after diagona l 
cracking t a decrease in the slenderness rati o shou l d result 
in an increase in the shear strength. The ultimate strength 
of these beams depends on the resistance of the concrete 
remaining above the diagonal crack to the inclined compressi on 
force that acts on it . This area may be expected to increas e , 
' thus improving the shear strength of the beam t as the slender ~ 
ness ratio is reduced . 
7 . 2 The Inf lue!l£!Lof Con_££ete Strength. In attempt 'l..ng to 
predict the influence of concrete strength on the diagonal 
cracking load of a shear span ) the following points need to be 
considered . Diagonal cracking may occur as a result of the 
formation of an aggregate i nterlock crack. Th~se cracks f orm 
when a certain' critical shear stress is transmitted across a 
crack by aggregate interlock action . The magnitude of this 
critical stress depends on the tensi l e strength of the c oncr e te 
and on the width of the crack over which aggregate i n t erl ock 
action occurs . In particular , as noted in the previous 
sectionJ an increase in crack width results · in a reduction 1n 
the magnitude of the critical shear stress ) (i . e . if v - i s 
a 1 
the critical shear stress 3 then -
v . = l/F ft 
a~ 
where 1/F is the fraction · of the tensile strength of the 
concrete at which the aggregate interlock crack is formed). 
With an increase in the tensile strength of the concrete the 
absolute magnitude of the term ( 1 ;F~ · ft) must increase , and the. 
diagonal cracking load is increased . However , the added load 
capacity results in an increase in the widths of the flexural 
cracks just p~ior to failure , hence the value of 1/F decreases , 
The conclusion is that with an increase in the tensile strength 
of the concrete there is a corresponding increase in the 
diagonal cracking load of the she ar span, but this occurs at a 
silower rate than the corresponding gain in the tensile strength 
of the concrete (i .e. if the critical nomina l shear stress at 
diagonal cracking is vn ~ then -
v o( fi 
n t 
where i is less than 1 . 0) . 
In beams in which arching action develops over the 
complete shear span after diagonal cracking , failure may occur 
in two ways . The first is due to a flexural tension failure 
of the. concrete above the diagona l crack, and the second is 
due to a compression failure of the concrete above the diagonal 
crack. In the former case the ultimate strength of the shear 
span should be proportional to the tensile strength of the 
concrete, and in the latter case the ultimate s hear strength 
should be proportional to the compression strength of the 
concrete. 
The predicted influence of concrete strength on the 
ultimate shear strength of beams may be summarised as follows ; 
(1) For beams in which arching action develops over the 
complete shear span after diagonal cracking; 
(a) where failure occurs as a result of crushing of the 
concrete (i.e. a/d ratio between approximately 1 and 1.75 
for rectangular beams) the strength should be pr oportiona l 
to the compressive strength of the concrete , 
(b) where failure occurs due to a f l exura l tensile 
failure of the compression zone , (i.e~ a/d ratio between 
approximately 1.75 arid 2.5 , for rectangular beams) the 
strength should be proportional to the tensile strength 
of the concreteo 
(2) When the shear span fails at the diagonal cracking load 
(i;·e. diagonal tension failure) , with increasing concrete 
strength there should be an increase in the shear strength of 
the beam, but this rate of increase in strength should be less 
than the corresponding increase in the t ensile strength of the 
concrete. 
7.3 The Amount of F1~ral Tension Reinforce~. With an 
increase in the amount of the tension reinforcement in a beam 9 
the widths of the flexural cracks for a giVen load must 
decrease. Thus with additional longitudinal reinforcem8nt , the 
diagonal cracking load (or the diagonal tension faklure l oad) 
may be expected to increase . 
Where shear failure occurs as a result of arch action) 
additional longitudinal tension reinforcement may be expected 
to increase the strength of the beam. For these beams the 
predicted gain in strength arises from a change in the shape 
and position of the flexural cracks in the shear span . With 
higher percentages of reinforcement the bending moment 
necessary to induce a flexural crack in the concrete should 
increase ,; hence the position of the last crack in the shear· 
span is likely to move t owards t he load point . Furthermore 
with additiona l reinforcement the shape of the cracks may be 
expected to change, with them becoming more inclined towards 
. the .long.itudinal axis of the beam" This expected change ar:ises 
owing to the reduction in the l ongitudinal tensile strains in 
the tension zone of the beam! The net result of these two 
I 
I 
trends is that an increase in the amount of reinforcement may. 
be expected to cause an increase in the dept h of concrete 
remaining above the diagonal crack , and thi s in turn results 
in an increase in the load tha t may be resisted by arch act ion 
( ~ ee Fig . 8 • 6)., 
7 . 4 Th§ Area o£.,.£O£SF~e ,i-_:t)._.!he~ pf.J;he Beam. The magnitude 
of the shear that may be resist ed by beam action depends on 
the capacity of the concrete cantilevers. 9 which in turn depends 
on the f l exural resistance of the concrete between the cracks 9 
the shear forces transmitted across the cracks by aggregate 
interlock action, and by dowel action of the reinforcement~ 
The resistance provided by all these actions is proport i ona l 
to the width of the concrete i n the web of the beam. Hence , 
if al l other factors remain the same, the diagonal tension 
cracki ng load (or the diagona l tension failure l oad) should be 
proportional to thearea of the concrete in the web of the beam. 
7 , 5 The Area of Co!1.£Fete in the f.2!!ll:2ression Zone of !h.£__l}~e.m~ 
This factor shoul d not influence the strength of beam action~ 
but it may be expected to have a considerable i nfluence on the 
strength of arch action . Failure occurs in arch action when 
the compreSsion zone above the diagonal crack fails in 
compression or flexural tension. An increase in the area of the 
compression zone results in a reduction of the magnitude of the 
a x ial and flexural stresses ~ and consequently an increase in 
the shear that may be resisted by arch action . 
It may be noted that an increase in the area of the 
web increases the strength of beam action , and hence increases 
the ultimate shear strength of beams with relatively high 
sler.derness ratios. By contrast an increase in the area of 
the compression zone of a beam may be expected to increase the ._ 
strength of arch action, thus increasing the ultimate strength 
of beams with low slend~ness ratios. 
7.6 Ihe Bond Performanc~of !he Reinforcemen!· With ~ 
improvement in the bond performance between the reinforcement 
and the concrete , the flexural cracks in the beam become more 
closely spaced. This results in a reduction in the bond force 
that may be resisted by flexure of the concrete between the 
cracks, and an increase in the bond force that can be resisted 
by aggregate interlock action. This arises as the widths of 
the cracks are reduced. Of these two actions the aggregate 
interlock action is predominant. Consequently an improvement 
in the bond performance can be expected to increase the 
diagonal cracking load of the shear span. 
With an improvement of the bond performance in beams 
failing in arch action a reduction may be expected in 1he 
ultimate shear strength. This occurs as the flexural cracks 
in the beam are likely to be initiated closer to the support 
point, which results in a reduction in the area of the concrete 
remaining above the diagonal crack when this crack extends to 
the load point . 
7.7 The Size of_!he Beam. With a decrease in the dimensions 
of a test beam the spacing of the flexural cracks should 
decrease, thus resulting in a reduction in the widths of the 
cracks. Hence, if the aggregate grading is not scaled down , 
a reduction in the size of the test specimen may be expected 
to lead to an increase in the shear stress at whi ch aggregate 
interlock cracks are formed, thus i ncreasing the shear s c ress 
sustained by beam action. From the preceding discussion it 
appears that the shear stress sustained at diagonal c racking . 
may be expected to increase as the dimensions of the test beam 
are · reduced . 
7;8 The Manner in which a Beam is Loaded.,.e. It was shown in 
Chapter 7, and in an earlier section of this chapter , that arch 
action can only develop over the complete shear span of a beam 
if the load is applied to the compression surface of the beam. 
When loads are applied through secondary beams failure of the 
main beam occurs with the breakdown of beam action ( i. e . at 
the diagonal cracking) . 
There is a difference between the development of arching 
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action in simply supported and continuous beams. Moody noted 
that in a continuous beam , such as the one shown in Fig . 8 . 7 ~ 
the inclined compres s ion force accompanyi ng arch action deve l ops 
between the load point and the support point , and hence at the 
point of contra- flexure the compression force is at the mid-
depth of the beam. For simply supported beams the compression 
force also arches between the load point and the support point , 
but in this case the point of contra- flexure is above the 
support point . Hence, if all the shear i s resisted by a r ch 
action, in a simply supported beam the compression force is 
half the magnitude and inclined twice as steeply as the 
equivalent compression force in a continuous beam with the 
same M/Vd ratio . Thus, the strength of arch action in 
continuous beams may be expected to be less than in equivalent 
simply supported beams. 
7 . 9 Summary of the Predicted Influence of Different Factors 
on the Shear Strength of Beams . Fig . 8. 8 summarises the 
low percentage of 
remf()rcement 
. r . 
h1gh per centage 
of reinforcement 
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Frg. 0.6- PRED ICTEO CHANGE IN POSITION AND SHAPE OF LAST 
FLEXURAL CRACt{ IN Sl-iEAR SPAN WIT H REINFORCEMENT 
"'(} 
--·-.-2_: _______ , .J.t _p~l-r 
A 
_!f;f!-b 
~---f'-
a p ....,._ _ _ ___ ~ 
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I ' 
~ 
Fig.8.7- ARCt~ ACTION. IN A CONTINUOUS AND A SIMPLY SUPPORTED 
BEAM WITH THE SAME SLENDERNESS RA T\0 
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influence of factors which wer e considered in the preceding 
paragraphs . In this figure the variations of the specific 
bending momen~ which is sustained by the beam at fai l ure or 
diagonal cracking, is plotted against the M/Vd ratio . The 
influence of differ ent factors on the strength of the beam is 
shown . For this purpose failure of the beam as a result of; 
(a) failure of arch action, 
(b) failure of beam action, and 
(c) flexure failure, 
have been considered separately. The inf l uence of increas i ng 
the area of the compression zone of the beam cannot be conven-
iently shown on this diagram. The effect of this factor i s 
summarised below. 
An increase in the area of the compression zone may be 
expected to; 
(a) increase the failure load in arch action , 
(b) have no appreciable influence on the failure load 
of beam action, 
(c) increase the flexural compression failure load of 
the beam, and 
(d) result in a small increase. in the f l e:kura'l 
tension failure l oad of the beam. 
It may be seen from Fig . 8 . 8 that some factors influence 
one type of failure but not another » so that a change in the 
variables may .result in a change in the critical slenderness 
ratios separating the different types of beam failure . 
The influence of different factors on the shear strength 
has been considered separately. For many of these factors thi s 
cannot be done experimentally. For example , an increase in the 
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percentage df reinforcement is also likely to result in an 
increase in the bond performance between the reinforcement 
and the concrete. 
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The interaction between many of the variables makes it 
very difficult to study experimentally the effect of any single 
parameter on shear ·strength by measuring failure loads on a 
series of beams. 
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C H A P T E R N I N E 
CONCLUSIONS 
(1) In this research project the basic mechanism of shear 
resistance in reinforced concrete beams was e xamined. It was 
shown that the applied shear forces may be resisted by two 
actions, namely beam action, and arch action. 
(2) It was found that the shear that can be resisted by beam 
action depends on; 
(a) the flexural strength of the concrete situated 
between adjacent flexural cracks in the beam, 
(b) the shear transfer across the cracks by interlocking 
of the aggregate particles, 
(c) the shear transfer across the cracks by dowel action 
of the reinforcement, 
and (d) the amount, distribution, and arrangement of web 
reinforcement in the shear span of the beam. 
The first three factors were studied in some detail in this 
project. 
(3) In two beams direct measurements were made of the flexural 
strength of the concrete between the cracks. It was found that 
this strength could only account for a relatively small portion 
of the shear resisted by beam action, namely about 20 per cent 
of the shear sustained by beam action in rectangular beams of 
normal proportions without web reinfor cement. 
(4) Aggregate interlock action was studied in a number of 
small scale tests and a beam test. This experimental work 
indicated that aggregate interlock action is of primary 
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importance in the shear resistance of a beam. It was found 
that the shear that could be .sustained by this action decrealsed 
as the width of the flexural cracks increased . In typi cal 
rectangular beams without web reinforcement this action can be 
expected to resist about 60 per cent of the shear sustained by 
beam action . 
(5) · Small scale tests on dowel action indicated that the 
contribution of this action to the shear resistance of a beam 
was relatively small . In a typical rectangular beam without 
· web .t;:-einforcement this action cannot be expected to resist more 
than 20 per cent of the shear sustained by beam action . It was 
found that the dowel shear capacity of reinforcing bars vari ed 
with their position in the concrete . In particular top bars 
failed at about 60 per cent of the load sustained by bottom 
bars. The phenomenon of water gain appears to provide a 
satisfactory explanation for this behaviour . 
(6) An examination of the compatibility condi tions for the 
shear span of a beam indicated that prior to the formation of 
a major diagonal crack beam action predominates , and only a 
small ·fraction of the shear may be resisted by arch action. 
However, with the formation of a major diagonal crack beam 
action breaks down. This results in the collapse of the •ueam or 
l 
the development of arch action over the shear span. The main 
parameter which determines whether the beam fails or arch action 
develops at the diagonal cracking load ~ is the a/d or M/Vd ratio 
of the beam . With the occurrence of arch action very wide 
cracks develop in the shear span . 
(7) From a knowledge of the basic shear resisting mechanism 
acting in the shear span of a beam, it was possible to make 
qualitative assessments of the influence of different factors on 
the shear strength of beams. These assessments are in good agreE 
ment with experimental results obtained by previous· research 
worker~. 
CHAPTER T E N 
EXPERIMENTAL WORK 
1. CONCRETE MATERIALS 
1.1 Cern~. The two batches of portland cement used in this 
project were manufactured by Milburn . As each batch arrived 
in the laboratory it was thoroug~ly mixed and stored in 
covered drums. 
1.2 Aggregates. The aggregates used were alluvial gravel s , 
which consisted predominantly of greywacke . The larger 
particles (i.e. those retained by a number 7 sieve) were wel l 
rounded, but the smaller sizes were angular . The aggr egate 
was sound and strong, and an examination of fractured concrete 
surfaces showed that very few of the particles failed when 
the concrete was split. 
The aggregate was air dried and sieved with a "Overstrom 
Vibrating Screens Machine". The proportions listed in Table 
10.1 were used for all the concrete prepared in this project . 
TABLE 10.1 AGGREGATE GRADING 
' . 
... .. : 
.. ~~~e .R~ll;&~~~ - ~~rcen~~g~ . of Aggregate 
% - ~ 8 in. 34.0 
% - 3/16 in . 19 . 9 
3/16 
-
7 6.9 
7 
-
14 6.9 
14 
-
25 11.5 
25 
-
.52 11.1 
52 -100 9.7 
~~ B.S . Sieve~ 
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2 . MIXING, CASTING, AND CURING OF THL,.QONCRETE 
In a previous project in thi s laboratory difficulties 
had arisen in maintaining a uniform concrete quality . To 
prevent a similar situation in this work the writer made 
several trial batches of concrete, and as a result of tests 
on these a standard procedure for casting and placing the 
concrete was developed. This was followed closely and the 
resulting uniformity of the concrete appe&r.ed to be very 
satisfactory. The procedure is detailed below. 
(a) Aggregates, cement and water were weighed out . 
(b) Aggregates and cement were placed in the mixer and 
mixed dry for 20 to 30 seconds . 
(c) Water was added and the materials were mixed for 
four minutes. The concrete mixer used was a " Cumflow" mixer . 
It had a horizontal mix ing drum with a mix capacity of 300 lb . 
(d) The mixed concrete was placed in the moulds and 
vibrated by the appropriate method listed below. 
(i) Beams were vibrated by a Kango hammer acting 
on the ext ernal surface of the mould. The vibration was 
applied for a period of two minutes after each mix had been 
added to the beam . The frequency of the Kango hammer was 
1,100 rpm . 
(ii) Control cubes, which were prepared from the 
concrete used for the beams, were vibrated for 100 seconds 
with the Kango hammer. 
(iii) Other specimens were vibrated on a vibrating 
table at a frequency of 3,200 rpm. and for a period of 100 
seconds. 
The concrete mix u~ed for the beams was proportioned 
to give a concrete slump of 2 in. The actual slump was 
j 
found to lie between 1 and 2 in. This degree of workability 
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of concrete was chosen in preference to a drier mix , as it 
appears that with the drier concrete the strength depends 
to a much greater extent on the way in which the concrete is 
61 
compacted. 
(e) The concrete was placed in the fog room to cure as 
soon as possible after casting . The delay involved was 
usually less than an hour. The fog roomwas maintained at 
70° F. and 100% relative humidity. 
3. STRAIN AND DISPLACEMENT MEASUREMENTS 
In the first beam electrical resistance gauges were 
used to measure the strains in the reinforcement. These 
gauges did not perform completely satisfactorily for a 
number of reasons which are discussed in a later section. 
In the remaining tests all strain and displacement measure-
ments were made with demountable mechanical strain gauges 
(demec gauges) . 
3.1 Mechanical Strain Gauges 2 Two , four, and eight inch 
d 62,63 h . 1 . d Th 1 . emec mec an1ca stra1n gauges were use • e ocat1ng 
discs required for these gauges were attached to the concrete 
surface with sealing wax, and to the steel surface with 
either "plastic bond" or "araldite" glue. For the first 
series of beam tests mild steel locating discs were u~ ed , 
but for the second series of beams and the small scale tests 
stainless steel locating discs were obtained. 
3 . 2 Accuracy of Measurements Made With the M~ganic~1~ain 
Gauges. The accuracy of measurements made with the 
mechanical strain gauges was limited by a number of factors . 
These are briefly discussed below. 
(a) Tempera~. The influence of a temperature change 
on the gauge could be found by taking readings on a standard 
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invar gauge length . However , the main problem associated 
with temperature arose from the thermal expansion of the 
material on which the strains were being measured . A 1° F. 
change could cause a strain of 6 micro-strains . As the 
laboratory was not temperature controlled , some allowance 
had to be made for temperature variation . This was part-icul-
arly important in tests : lasting for more than one day . In all 
but the first two beams temperature corrections were assessed 
by taking readings on a standard block of concrete . Correct-
ions calculated in this manner were not completely satisfactory 
as the standard concrete block was smaller than the beam, and 
it was found to follow . the atmospheric temperature changes 
more rapidly than did the beam. 
+ Temperature corrections of the order of - 40 micro-
strains were applied to readings obtained from some beam 
tests. It is considered that temperature corrections could 
have been in error by as much as 50% of this value (i.e . 
! 20 micro strains for the maximum corrections). 
(b) Repeatability of Gauge Readings . The repeatability 
of the gauge readings depended to a large extent on the care 
taken in fixing the locating discs. More consistent results 
were obtained in the small scale tests and the second series 
of beam tests, as greater care was taken in fixing the 
locating discs to the concrete surface and rejecting those 
with imperfections. 
In beam SC3 the zero re~dings of the 390 gauges were 
taken twice. The average difference between the two sets of 
readings for any one gauge was found to correspond to strains 
of 8 and 6 micro-strains for the two inch and four inch 
gauges respectively. 
(c) Positioning of Locating Discs . The gauge length 
measured between the locating holes in the discs was set out 
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accurately with a standard bar. However , the effective 
gauge lengths in relation to the measur ed strains ~ is the 
distance between the centroids of the gluing force attachi ng 
the locating disc s to the specimen. This may d iffer from 
the distance between the locating holes in the discs. The 
writer considers discrepancies of as much as an 1/8 i n . 
could be expected between these two d istances. A difference 
of this magnitude would result in errors of 6 ~ 3 and 1~ per 
cent in the strain read i ngs obtained from the two , four , and 
e i ght inch gauges respect ively. 
(d) ~.::.ll!lil.9rmit.Y._,of C.Qncret~~ The distribu1>-
ion of strain in a uniformly loaded b l ock of concret e is 
irregular owi ng to differen ces between the e l as tic properties 
of the larger aggregate particles and the matrix of fine 
materia l s in which they are embedded . For the aggregate 
sizes used in this project the work of Binns64 and Cooke65 ~ 
indicates that local variati ons in strain due to the d iffer. 
ences in the elastic properties. may be expected to cause 
discrepancies of up to 8 per cent between a strain measured 
with a two inch gauge 9 and the average strain in the 
surrounding concrete. 
4. DETAILS OF BEAM TESTS 
4.1 Loading System. The beams were l oaded by a 30 ton 
maximum capacity hydraulic jack coupled to a Riehle tes ting 
machine. With this system loads between 0 . 2 and 30 ton s 
could be applied , and held at the required level . This 
system had been calibrated for the application of ax~al 
loads. However , it was thought that with t he app lication 
of lateral loads to the ram of the jack, friction might be 
induced , and consequently the axial l oad app lied by the 
system might be reduced . To i nvest igate this possibility 
a number of tests were made by J . Glanville and the writer. 
It was found that the app l ication of l ateral loads of up 
to 1000 l b. resulted in no measurable reduct i on kn the 
axial load. 
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4.2 bQ.§!ging Fram~. In the first beam test the l oad wa s 
applied by means of a hydraulic jack attached to a flexible 
portal l oading frame. This frame consisted of a 5 x 5 in . 
box cross member) with 1 in. diameter high str ength stee l 
rods forming the vertical legs of the portal . Ce rtain 
difficulties arose with ~he use of this frame. 
(a) The 1 in . diameter rods were too f l ex1ble to allow 
the jack to be positioned accurately above the centre-· line 
of the beam. 
(b) The load ~ if not positioned exactly on the centreE 
line of the portal, induced bending moment s in the 1 ~n. 
rods, and these c.aused the frame to bend in a direction 
transverse to the cross beam . This resuJted i n an increa se 
in the bending moment inducing this sway ~ and consequently 
the system was liable to be unstab l e . 
(c) The 1 in. diameter rods would not remain ve:r·tica 1. 
when the system was set up , owing to lack of rigidity of the 
syst em . 
As a result of these difficulties s mall late ra l l oad s 
were applied to the beam. Owing to the slender nature of test 
beams these loads resulted in appreciable lateral deflections. 
Hence discrepancies were liable to arise between stra1n 
readings taken on opposite sides of the beam~ 
This loading system was used for the first beam test 
(beam FADl) , . and in spite .of the care taken in preparing 
the beam for test appreciable differences did develop 
between the strain distributions measured on opposite 
sides of the beam . 
To overcome this problem the writer designed a rigid 
portal loading frame, which was built and used for the 
remainder of the beams tested in this project. With this 
frame the hydraulic loading jack was held against latera l 
movement, and consequently the portion of the beam positioned 
directly below the jack was forced to deflect in the direct i on 
in which the ram of the jack extended . Thus any lateral 
deflection of the test beam was restrained in the centre of 
the beam. 
4. 3 Arrang~en!.,._of Test Bealll,$,. The testing arrangement used 
for the beams is shown in Fig. 10.1. The beam was supported 
and the loads were applied through 6 x 3 x ~ in. o r 5/8 in . 
steel bearing plates. To ensure uniform contact betw·een 
these plates and the beam , freshly mixed capping pl aster was 
placed between the concrete and the plate . For the beam 
support points this plaster was allowed to set with the end 
of the beam mounted in its final position. For the l oad 
points a small load was applied to the beam through the 
loading system while the plaster was setting . By this means 
surplus plaster was squeezed from under the loading pLates, 
and uniform contact between the beam and the support was 
ensured . 
Roller and fix point supports were used in the l ocations 
shown in the diagrams of the individual beams (see Appendix 
l)o Suitable roller supports were not available for the 
first two beam tests. 
4.4 !_~s!;_Procedure. The load was applied to the beam in 
several stages. At each stage, or load increment ~ the beam 
was inspected for cracks. Self illuminated hand microscopes 
with area magnifications of 10 and 20 times were used for 
this purpose. The positions of the cracks were marked on the 
30 ton hydraulic jack 
bolted to cross beam 
cross beam of loading frame 
. , .. 
. 10 X 5 .X 30 lb. R.S.J. 
bearmg plate capped I ~ II ~ I · 
to surface of beam ------ ___-- roller be!lring 
tes t beam 
• I 21." x 7'1; X 95 lb. R.S.J. 
box section 
s t ron·g floor 
Fig.10.1- TE ST ARRANGEMENT FOR BEAMS 
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surafce of the beam , and ~he extent of each crack was 
indicated by a number corresponding t o the load increment o 
The beam was whit e wa shed to facilitate the crack location. 
During the test photographs wer e taken to show the extent 
and s equenc e of development o f the cracks, and at the end of 
the test t he beam wa s covered with tracing paper and the 
locations of a ll gauge points and cra.cks were marked on it 
so t hat a complete full scale record wa s obtained o Each l oad 
increment was appLied to the beam for a period of ten minutes 
before the f irst strain measurements were made. 
In some of the beam tests one s pan of the beam f a iled 
before the other span was seriously damaged. Where this 
occurred the s pan that failed was repaired with clamp~on 
stirrups, and the test was continued until the s e cond shea r 
span failed. To prevent excessive damage to the shear spans 
during failure:l s mall scr ew jacks were p l aced directly under 
the l oad po i n ts under t he tension surface of the beam . At 
failure the beam dropped about a 1/16 ino onto these jacksQ 
If these were not in position the fa ilure was so destructive 
that the shear span could not be repaired~ 
The t i me required to measure and record a ll the st:rain 
readings on a beam at one load increment varied from fift een 
mi nutes to two hours . For several of the beams the tests 
were made over a period of two or three days . 
The four beams in this series were des igned to yield 
infor mation on the bond f orce resistance of the concrete 
cantilevers. 
The beams were simply supported and l oaded by two 
point l oads placed s ymmetrica lly about the vertica l axis 
of the beam. With this arr angement there was a zone of 
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constant bending moment in the beam. The locations of the 
load and reaction points are shown in the individua l figures 
of the beams . The common d i mensi ons and p r operties of the 
materials used for these tests are pr·esented in Table 10. 2 . 
Details relating to the arrCi\ngement of crack initiators and 
bond plates are described in the i ndi vidual sections f or each 
beam. 
Six batches of concrete wer e r equired for each beam ~ 
and from each batch three six i n ch control cubes were c a st. 
These were cured under t he same conditions as the beam" The 
results of compression tes t s made on these c ubes are presented 
in Table 10 ., 2. 
Di mens ions 
of beams 
Concret e 
proportions 
Curing 
Cond i tions 
(days) 
I 
-
·----·----- ... -· I Width = 6 in. Total depth = 16 in. I Effect i ve depth = 14 in. 
Shear span = 56 in , 
----------
Water to Aggregate . 0854 to 1 
Water to Cement . 63 to 1 
Beam 
FADl F2 F3 FA4 
. ·~----,.------------ ~ 
17 18 19 18 
7 8 8 -
5 3 6 11 
r---------------------------1-------·--------- ---·----4---------··--
Concrete s trength 
av . of 18 six inch 
cubes - psi . 
Coeff . of 
Variation - % 
~------------------------l
5, 380 
5 . 9 
5,910 
4 I 4 
*F . R. - Fog room , 100% relative humidi ty, 70° F . 
5 )960 
4 .2 
C. T . - Constant Temperature room, 80% relative humidity~ 70°F. 
Lab . - Laboratory, temperature and humidity not controlled . 
The reinforcement consisted of two 7/8 in. d iameter 
plain "Q7 comsteel 11 bars. Samples of this steel were tested 
to determine the stress-strain relationship (see Fig. lO.L} •. 
The linearity limit for this steel was approximate ly 70 ~000 
psi. At no stage during any of the beam tests ·was the 
reinforcement stressed to this level. 
To provide the required bond conditions~ steel plates , 
coils of wire and stirrups were wel ded to the bar·s. A tension 
test showed that the sma.l l amount of welding that was required 
did not measurably affect the e lastic properties of the steel •.. 
All the beams in this series were cast with the centre 
of the reinforcement situated two inches be l ow the top of the 
mould. 
6. BEAM FAD1 
Beam FAD1 was designed and tested so that the distribu-
tion and magnitude of the bond forces sustained in the shear 
span of the beam could be measured . 
6.1 ~Qtail§_Qf_~eam. (See Table 10.2). The flexural cracks 
in both shear spans of the beam were initiated to a height 
of 2% in., with 22 gauge steel sheets fitted to the ~einforce ­
ment. These initiators were spaced at six inch centres in the 
shear spans of the beam. At the mid-s·ection between these 
2 x 2 x 3/16 ~n. steel washers were welded to the reinforcing 
bars (bond plates). In the constant moment and anchorage 
zones of the beam coils of No.10 were spot welded to the 
reinforcement to improve the bond conditions. In addition 
anchorage plates were attached to both ends of the reinforce-
ment~ and a few 3/8 in. mild steel stirrups were spot welded 
to the bars near the support points . Details of the rein~ 
forcement are shown in Fig. 2.8. 
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Fig.10.2- . STRESS- STRAIN RELATIONSHIPS OF REINFORCEMENT 
In the East span of the beam the reinforcement between 
the bond plates was wrapped in a layer of rubber . Thi.s was 
intended to reduce the dowel action by preventing the bars 
from bearing against the concrete. However , the occurrence 
of dowel cracks in both spans of the beam at approxi matel y t he 
same load level indicated that the rubber was of i n suff icient 
thickness to achieve the desired reduction. in this a c t i on. 
6. 2 lnstrumen~~. .Thirty- four electr ical res i stance 
strain gauges were atta~h~d to the reinforc ement . The l ocat ions 
of these gauges a r e shown in Fig. 2 . 81 and in the Appendi x , F i g . 
Avl . They were positioned at the mid- height of t he bars so 
that any flexural stress in the reinforcement woul d not aff e ct 
the str ain readings . 
The electric al resistance gauges used were Phi l lip s 
11 P.R . 9814". They were attached to the reinforcement wi th 
Phillips ·rapid hardening gauge cement - 11 P.R.924411 • Water-
proofing was achi eved by covering the gauges with a layer of 
water proofing g l ue . A piece of rubber , which was he l d i n 
plac e with tape , was used to protect the gauge from d irect 
pressure against the concrete. 
The strains were measured with a Savage and Parsons 
50 way Strain Recorder . Wi th this instrument a dummy or 
temperature compensating gauge was requi red for ·ever y a ctive 
gauge . The dummy gauges were attached to a short l ength of 
reinforcement in the same manner as the active gauges in the 
beam , and this rei nforcement was cast i n t o a b l o ck o f concr e t e » 
so t ha t the temperature compensating gauges were s ubj e c ted t o 
simi l a r therma l conditions as the act i ve gauges i n t he beam. 
A few strain readings were made on the surface of the 
beam wi th an eight inch mechanical strai n gauge . The locati ons 
of the gauge points for the strain readings are shown i n Fig . 
2.8 . 
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6.3 ];xQeriment a l _Re.§.Bltso Ana l ysis of t he r eadi ng-s obt a i ned 
from the e l ectrical r esistanc e gauges s howed that s evera l 
d i screpancies occurred between i ndi vidua l va l ues and the t r ends 
indicated by the ma j ority of t he readi ngs . To check for 
possible ma l funct i ons i n t he gauges t he reinforcement was 
removed f r om the beam~ so that it could be subjected to axia l 
t ·ension. By t h i s means t he gauge factors were deter mined 
experimental l y . It was f ound that t here was cons i derabl e 
variat i on i n these , and t hat t he aver age val ue was 9 per cent 
less t han t hat g i ven by the manuf a c tur er . The t ens i on force s 
acting i n t he r e inforcement wa s ca lcu l ated f r om t he experiment ~ 
a-l l y det ermined gauge factors. The r ead i ngs obt a i ned f r om 
severa l of the gauge s were r eject ed as erroneous ~ a s t hey d i d 
not agree with t he gener a l trends shown by the o t her r ead i ngs. 
At t he t i me o f t h is work the rea s ons for the ma l functions wer e 
not known ~ but a year l a t er G o Dick~'< , a nd A. Bryant f ound t he 
fol l owing possi b l e explanation s : 
(1) The strain gauge g l ue used in thi s and pr evi ous 
project s had not been kept under the· condi tions recommended by 
the manufactur ers . 
(2) The Savage and Parsons bridge had been previ ously 
mod i fied. A system of l eads and p l ugs had been added to 
facilitate the connecti on of the strain gauge leads. Many of 
the added connect i ons wer e found t o be in poor cond i tion. I n 
a test carri ed out by Di ck i t was found that the zero shif t on 
twenty- n i ne gauges over a period of an hour and a half vari ed 
randomly i n magni tude and d i rect i on between the l i mits of 0 
and 59 micro - strai ns. The average dri ft was 23 micro- s t rai ns. 
When the modi fic a tions were removed the· drift on the same 
gauges over a simi l ar period of t i me varied between 0 and 10 
* Post graduate s t udents 
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micro-strains. 
(3) In changing ranges to measure strains greater than 
500 micro-strains it was found that a jump occurred in the 
s·train reading. For positive strains the change was - 35 
micro-strains, and for negative values it was 22 micro- strains . 
It will be apparent from the preceding discussion that 
little reliance can be placed in any one of the electrical 
resistance gauges used in this projecto 
The zero reading·s for the strain gau~es were made when 
the beam was mounted and ready for testingo Consequently the 
init~ial strains in the reinforcement due to the dead loads 
could not be measured. With the formation of tension cracks 
in the beam, the tension forces induced by the dead loads 
increased. Calculations showed that this increase was 1~060 
lb. at the centre of the beam, and it decreased to 320 lbo at 
the electrical resistance gauges situated nearest to the 
support pointso Corrections have been applied so that the 
listed and graphed tension forces correspond to those induced 
by the superimposed load acting on the beam. 
The beam was damaged while it was being moved in the 
laboratory. A tension crack formed in the compress i on zone 
close to the mid section of the beamo This damage was repaired 
by removing the portion of the compression zone conta i ning 
the crack, and grouting and plastering this sec·tion. The 
damage did not appear to affect the behaviour of the beam, 
and under test ·failure developed well away from the repaired 
area. 
The experimental results obtained from this bea~ are 
presented in Appendix I. 
7 • BEAM_I.6, 
This test was planned to allow the contribution of the 
flexural resistance of the concrete between the tops of the 
flexural cracks, in resisting the bond force moment acting on 
the concrete cantilever, to be determined. 
7. 1 DetailLQf_the Beam_g_g~ruction .• (See Table 10. 2L 
Flexural cracks were initiated at 6 in. centres and to a height 
of 8 in. in all but the outer thirds of the shear spans. In 
this latter region two shorter cracks were preformed i n each 
span. At the mid-sections between adjacent crack initiators 
5~ x 2 x ~ in. bond plates were welded to the reinforcing bars . 
The plates extended to the surface of the beam) so that the 
strains in the reinforcement could be found from measurements 
made with eight inch mechanical strain gauges acting directly 
on the bond plates. To improve bond conditions in the anchor-~ 
age zones of the beam coils of No.lO wire ~ and & few 3/8 in. 
stirrups , were spot welded to the reinforcement (see Fig. 3 o2). 
The arrangement of the reinforcement i n this region was very 
similar to that used in Beam FADl. 
The crack initiators consisted of thin steel sheets with 
the top edge of each covered with a ~ in. layer of toam plastic 
and tape . This layer prevented direct forces from be1ng 
transmitted between the concrete at the top edge of the plate 
and the reinforcement. 
The crack initiators were provided in this beam to 
prevent aggregate interlock forces from act~ng on the concrete 
cantilevers . The reinforcement between the bond plates was 
wrapped with a ~ in. layer of foam plastic, polythene sheet 
and tape to prevent the'development of direct stresses between 
the concrete and the reinforcement. In this manner dowel 
action was greatly reduced. 
7.2 1n2~~~~tig~ Al l strai n measurements in thi s beam 
were made with eight inch mechanical strain gauges (the two 
and four inch gauges were not available until beam F3 was 
tested).. Longitudinal strains were measured on the concrete 
surface over the complete North span of the beam (see Fig . A.2). 
Steel strains were found by measuring the relative movements 
between adjacent bond plates (Fig, 3.2), 
7.3 EX erimental Results~ To find the gauge factor relating 
the displacement between ~djacent bond plates to the steel 
strain, the reinforcem':ent was removed from the beam and 
subjected to axial tension. During this test strain measure~ 
ments were made on the bars with two inch Hounsfield Extenso-
meters, and between the bond plates with the mechanical strain 
gauges. The average gauge factor determined from these 
measurements was used to calculate the steel stresses. 
In calculating the tension force from the steel strains 
it was necessary to make an allowance for the non- linearity 
of the stress-strain relationship at low stress levels (see 
Fig, 10.2) . If this relationship was assumed to be linear 
from a zero stress level 9 the correction amounted to adding 
2,100 lb . to the tension force in the reinforcement when the 
tension force exceeded 7 9 200 lb. For tension forces less than 
this value smaller corrections were applied. The reason for 
this non- linear behaviour of the steel at this low stress 
level is not understood by the writer~ 
The experimental measurements obtained from this beam 
are presented in Appendix I., 
8. BEAM F3 
The experimental results obtained from Beam F2 indicated 
that a considerable portion of the bond force moment was 
resisted by dowel action of the reinforcement. This was 
apparent from the number of dowel cracks that formed. Beam 
F3 was very similar to beam F2 , but in this test (F3) more 
observations were made on the dowel action of the reinforce-
ment, so that bond force resisted by this action could be 
determined~ 
8.1 Details of the Beam Constructiono (See Table 10.2). The, 
reinforcement and crack initiators used in Beam F2 were re···Used 
for this beam 9 but the wrapping around the bars was removed 
and replaced with new wr~ppings for the North Span. These new 
wrappings were very similar to the previous ones, but a grease 
impregnated tape was added above the pol.ythene sheet ~ since in 
the previous beam a little mortar was found to have penetrated 
to the foam plastic. The reinforcement was left bare in the 
South span to a llow dowel action to develop unimpeded . 
8.2 Instr~ntation. Strains were measured on both sides 
of the beam on the concrete surface along the complete span 
of the beam. However~ as the behaviour was very similar to 
beam F2 these reading·s were not evaluated . 
Strains in the reinforcement were found in a similar 
manner to that used in the previous beam:i) but in thi.s case 
the relative movement between the adjacent bond plates was 
measured by both four and eight inch mechanical gauges. 
Two i nch mechanical strain gauges were used to measure 
the displacements that occurred on gauge lines crossing the 
cracks at an angle of 30° at the l eve l of the reinforcement. 
From these measurements ~ and from the longitudinal measure~· 
ments between the bond plates, the shear displacement at the 
level of the reinforcement was calculated. 
8.3 Ex.~iment~1~.§.. The tension force in the reinforce 
ment was found in exactly the same way as in beam F2. The 
experimental measurements obtained from this test are presentee 
i n Appendix I ~ 
The main object in this test was to measure the bond 
forces acting on the concrete cantilever-s , and to find the 
proportion of these forces that were resisted by ; (a) 
aggregate interlock action , and (b) the f l exural and shear 
resistance of the concrete between the tops of the flexural 
cracks. 
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9 . 1 Details of the B~am Construction , (See Table 10 .2) .. One 
inch strips of plastic were g l ued t o each side of the beam 
mould to locate the pos itions of the f l exural cracks in the 
beam, The shape and positi on of these crack initiators is 
shown in Fig. 4. 10 . When the beam was removed fr:·om the mould ~> 
the p l astic strips were pulled out of the concrete~ and 
cartridge paper and plaster were i nserted i nto the gapu '. 
With this arr angement a s the beam wa s l oaded the extent of the 
crack could be determi ned by observing the crack in the p l aster 
against the cartridge paper . 
The reinforcement used in beams F2 and F3 was re-used 
in this be.am 9 bU~ .. Pnetmodification was made. Short lengths of. 
% in~ deformed r ·e i nforcement were bent and welded to t he bond 
plates (see Fig ~ 4a10)~ The pur pose of this additiona l steel 
was to prevent cracks from forming in the vi!cinity of the bond 
plates. 
The main reinforcing bars were wrapped with foam plastic , 
grease impregnated tape~ polythene sheet and tape , in the same 
manner as in the North span of Beam F3 . These wrappings 
reduced the dowel action of the reinforcement on the concrete 
cantilevers . 
9 .2 lnstrum~~~12£4 A combination of two and eight inch 
mechanical strain gauges was used to obtain longitudinal strain 
measurements over the complete span of the beam. Steel ·strains 
were measured by the same technique as that used in beam F3. 
The horizontal and vertical displacements that developed 
across the flexural cracks in the beam were measured at the 
level of the reinforcement and at 3 in . and 6 in. above .it. 
These dis·pl.acements were found from measurements that were made 
with the two inch mechanical gauges on two gauge lines ~ which 
spanned the crack at 45° tQ the direction of the crack and were 
inclined at 90° to each other . The l ocations of these gauges 
are sho·wn in Fig . 4.10 and Fig . A.4. 
9.3 Experimental R~ults. As there were no large crack 
initiators in this beam shrinkage stress es in the concrete 
induced a compression force in the reinforcement. With the 
formation of flexural cracks the shrinkage stresses were relievec 
Consequently the zero readings used for cal.culating the steel 
strains were taken when the reinforcement was under a state of 
compressionq 
The tension force in the reinforcement was intially 
calculated with corrections for the non- l inearity''( and dead 
l oad affects~ only . However , it was found that the magnitude 
of this force in the constant moment zone of the beam was higher 
than the corresponding values for beams F2 and F3 . The average 
discrepancy was 2,300 lb. It was concluded that this difference 
was due to the shrinkage of the concrete , and consequent l y 
2 , 300 lb. was subtracted from all the calculated tension force s. 
To calculate the horizontal and vertical components of 
movement across a crack from the measurements made with the two 
inch gauges , the following assumptions were necessary; 
* See Chapter 10 Section 7.3. ~ See Chapter 10 Section 6q3. 
(1) the two gaug-e poi.nt·s situated on the same side of 
the crack did not move relatively to each other ~ 
and (2) the relative movement between the two sets of gauge 
points corresponded to the movement at the crack surface. 
Flexural stresses in the concrete cantilevers caused 
some relative movement between the gauge points situat ed on the 
same side of the crack. However, such movement·s were small 
unless an aggregate interlock or dowel crack formed between 
two of the gauge points. In such a situation the relative 
movement could only be found if the horizontal movement over· 
the main flexural crack was measured by some other means. 
As the displacement measurements across the cracks were 
made with two inch gauges ~ the gauge point·s were situated 
approximately 0.7 in. from the crack surface. Consequently 
some error may be involved with assumption (2) . In particular ~ 
if the flexural cracks in the beam were spaced at 6 in . centres, 
then the shear displacements arising from flexural rotation of 
the concrete cantilevers would be underestimated by approxi mat -
ely 23 per cent. 
The experimental measurements made on this beam are 
presented in Appendix lo 
10. BEAM_.Qg 
This beam was tested to observe the opening of the 
flexural cracks in the beam, and to measure strains in the shear 
span of the beam as beam action broke down and arch action 
developedo 
10.1 Details of the Beam. The testing arrangement for this 
beam was very similar to that used for the tests in series I ~ 
It was simply supported and loaded by two point loads ~ so that 
the central 2 ft . of the beam was subjected to constant moment o 
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The dimensions and properties of the materi a l s used in 
this beam are tabulated in Table 10.3. 
TABLE 10.3 DIMENSIONS AND PROPERTIES OF MATERIALS IN 
BEAM CAl 
Dimensions 
Reinforcement 
Concrete Proportions 
Curing Conditions 
Concrete Strength 
Width = 6 in. 
Total ~~p~h : · , = 16 in. 
Effec·t1.ve aeptn = 14 in. 
Shear span 
·-
42 in. 
Two 1 in . diameter mild steel 
deformed bars with yield 
point of 43,000 psi. 
Percentage of steel = 1.87 
As for Series I Beams 
In the Fog room for 24 days 
and the Laboratory for 9 days 
Mean .~~_Fength of 15 - six inch cubes 
= 5 ~920 psi. 
Coefficient of Variation = 4.9% 
Five batches of concrete were require~ for this beam, and 
from each mix three six inch control cubes were cast. These 
were cured under exactly the same conditions as the beam. 
The beam was cast with the centre of the rei nforc ement 
situated 2 in. below the top surface of the mould. 
10.2 1nstrumenta!i£n of the Beam. Longitudinal strains were 
measured on both sides of the beam over the compl ete span wit h 
eight inch mechanical strain gauges. 
The strains in the reinforcement were measured by a 
66 technique described by Plowman • One inch by ~ in. diameter 
·steel studs were welded to the reinforcing bars at 4 in. centres 
Over each stud was fitted a rubber sleeve, and this was sealed 
to t he reinforcement with a bituminous sealing c ompound. When 
the beam had been cast and the mould removed the rubber was 
pulled out of the concrete leaving a &,ap around each studo 
Gauge points were g l ued to the ends of the studs. The st~ a ins 
in the reinforcement were found by measuring the movement 
between adjacent points with a four inch mechanical gauge. 
To observe the openi ng of the flexural cracks in the 
beam » the beam was loaded and the positions of t he cracks were 
marked o The load was uhen removed to a llow the cracks t o close , 
and gauge points were glued to the concrete so that t hree points 
were situated at the apexes of a two inch isoscele s triangla. 
which spanned the crack. Measurements w·ere made with a t wo 
inch strain gauge on the three sides of the triangleo The 
gauge point s were glued to the concrete with Phill ips rapid 
hardening gauge cement. Sealing wax could no t be used owi ng 
to the thermal strains that could have been induced in the 
concrete. 
10 . 3 IDsmzrjJD.smtal~Resu lt,£,. The majori-cy of flexural crack s 
in this beam deve l oped from the ho l es surrounding the studs 
that were attached to the reinforcemento These holes appear 
to have act ed as stress raisers. lt should be noted that 
excessive dowel cracking developed i n this beam . 
The measurements made to determine the relative movements 
across the cracks were subject to two limitations. 
(1) The gauge points were situated some d istance away 
from the crack , Thus the displacement measurements between 
the gauge points may have differed from the d isp l acement s 
across the crack.* 
* Chapter 10 Section 9.3 . 
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(2) In several cases dowel cracks formed between the two 
points situated on the same side of the main crack. Where __ thi.s 
occurred it was assumed that the concrete separated from the 
beam by the dowel crack rotated about the mid point of the 
uncracked concrete section at the end of the dowel crack . 
Some of the experimental measurements made on the opening 
of cracks in the beam are shown in Chapter 6. The longitudinal 
strain measurements on the concrete and steel are presented in 
Appendix I . 
The three beams in this series were designed to yield 
information on the behaviour and shear resistance of the 
section of the shear span containing the last flexural crack 
in the span. 
The beams were simply supported and loaded by a central 
point load p so that the shear spans were of equal length . The 
shear span to effective depth ratio was 3.0. The dimensions 
common to the three beams, and the materials that were used7 
are detailed in Table 10.4. Information on the positions and 
shapes of crack initiators is given in the individual sections 
describing each beam. Three batches of concrete were required 
for each beam$ and from each batch a minimum of three six inch 
control cubes were cast. These were cured under exactly the 
same conditions as the beam. 
The yield point of the reinforcement was determined by a 
direct tension test on a sample of the steel . At no stage during 
any of the tests was this stress level reached . 
The three beams were cast with the centre of the 
reinforcement situated 2 in. above the bottom surface of the 
mould. 
TABLE 10 . 4 
Di mensions 
Common to all 
beams 
Reinforcement 
Concrete 
Proportions 
Beam 
Wi dth = 6 in . 
Tota l Depth = 14 in. 
Effective Depth = 12 in . 
Shear Span .:; 36 in . 
Two 1 i n , d i ameter mild 
steel deformed bars ~ 
Yi eld point :;:: 44 !) 000 p si. 
Percentage of reinforcement 
Watev to Aggregate ratio 
Water to Cement ratio 
-
2.18 
;:;: 
: 
Calcium chloride t o Cement ratio :;:: 
SCl SC2 SC3 
26L 
• 0881 
, 57 
o02 
·-
~--------------------~------------·--~---------------~---------------~ 
Curing 
Conditions 
(days) 
F . R . ~ 
Lab , 
5 
2 
5 
3 
5 
3 
Mean ptrength 
of 12 . six inch 
c ubes 
5 , 640 psi. 5 , 850 psi. 
Coefficient of . I 
~v_a_r_1_· a_t ___ i _o_n _________ ~ _ ____ 2_-,6- %-------L---3_._s_% _________ ~----~~~ 
)~ F .R. Fog r oom maintained at 70°F and 100% humidity 
~ Laborator y - temperature and hum1dity not control l ed. 
1 2. BEAMS SC l AND SC2 ~~-c:e~·
The. main aim i n these two tests was to mea s ure t he shear 
that could be resisted by the compr ession zone of a beam above 
a diagonal crack . 
12. 1 Details of ~~he ,Beam Con~!f:UCt_!.on (See T~le 1 Oill. In 
both beams the l ast flexura l crack in each shear s pan was 
initiated to prevent shear trans fer acr oss it by aggregate 
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interlock action. Along the top edge of the crack intiators 9 
which were made from 22 gauge sheet steel 9 a layer of foam 
plastic and tape was placed . This layer prevented the develop-
ment of axial stresses in the plate by bearing stresses 
between the edge of the plate and the concrete. The locations 
of the crack initiators are shown in Figs. A.6 and A~7. 
12.2 !nstrgmentation. In both beams the strains in the 
compression zone were measured with two and four inch mechanica l 
strain gauges ,. Additional·readings were also made to find the 
width of the dowel crack 9 and the shear displacement and crack 
width of the initiated crack at the level of the reinforcement. 
In beam SC2 a few strain measurements were taken in the tension 
zone of the beam. 
12.3 ~QgJ;im~e_l R~.§Ul1:§...~CUIJ..£!.._,§ghg. The experimental 
results obtained from these two beams may be found in Appendix 
I. 
13. BEAM SC3 
In this beam measurements were made of the crack widths 
and shear displacements ~ and from these the proportions of the 
shear force resisted by aggregate interlock action , dowe l 
action and the compression zone of the beam1 at the last major 
crack in the shear span,were assessed . In addition numerous 
strain measurements were also made so that the bending of the 
concrete cantilevers could be determined . 
13.1 Detai l s of the_]ea.m_Con.§!.£~.£tl.on.. (See Table 10 . 4)o Each 
flexural crack·in this beam was located by two 3/4 in. wide 
strips of plastic ~ which were fixed one to each side of the 
mould before the beam was cast. When the mould was stripped 
the plastic was pulled out of the concrete j and the resulting 
gap was filled with a strip of cartridge paper and plaster in 
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a similar manner to that used in beam FA4. The shape and 
location of the crack initiators are shown in Figs. 7.15 and 
A.B. 
13.2 Instrumentation. Longitudinal strain measurements were 
made with two and four inch strain gauges in the zone of the 
beam containing the initiated cracks. Measurements were also 
made with the two inch gauges to determine the horizontal and 
vertical components of movement across the cracks. 
13.3 Experimental Results. With the exception of the locations 
where dowel cracks formed, the vertical and horizonta l components 
of movement across a crack were calculated in the same manner 
that was used in Beam FA4 . However , where dowel cracking 
occurred the horizontal disp lacement was measured direct l y from 
the longitudinal four inch gauge readings. The vertical 
displacement was then calculated from this value and from the 
readings of the two inch incl ined gauges. 
Experimental results obtai ned from this test are presented 
in Appendix I . 
14o AGGREGATE IN~ERLOCK TES~ 
To make direct and controlled tests on aggr~ gate interlock 
action , it is necessary to find some method of produci ng a 
crack of uniform width in a predetermined position. Further-
more the crack should be produced gently ~ in a similar manner 
to the way flexural cracks form in a beam, and not exp l osively 
as they form in a direct tension test. With the violent 
formation of the tension cracks ~ stones may be torn out of the 
concrete, and these may become wedged between the two crack 
surfaces, thus changing the load-shear displacement character-
istics of the aggregate interlock action across the crack . 
The first attempt to produce s uitable cracks was made 
by tensioning a reinforc-ing bar embedded in a block of concrete .. 
In the vicinity of the potential crack the bar was wrapped_ in ... 
foam plastic and tape to prevent shear transfer by dowe l act i on 
at the stage when shear was applied across the crack. The 
method proved to be impractical , as small initial curvatures 
in the reinforcement ·prevented the cracks from opening 
uniformly. How~ver 11 a few shear tests made across cracks 
formed in this manner indicated that very considerable shear 
stresses could be developed by aggregate interlock action. 
A second method of testing for aggregate i nterl ock act i on 
was devised. For this system a test frame and several concrete 
moulds were made. Tests with this apparatus proved to be 
satisfactory, and all small scale aggregate interlock tests 
reported in this thesis were made with this method. 
14.1 Test Frame for Aggregll,~_ln~rlock Tests&- (See Fig. 10 .3 ) . 
The base plate of the frame consisted of a one inch steel 
plate that was surface ground on the t ·op surface~ and stiffened 
by welding two 2~ x ~ in. ribs to the underside . The tray 
" A" was free to move in the direction shown. Movements in a ll 
other directions could be restrained by tightening the screws 
" f " and clamps " g" ll which clamped roller bearings agai.nst the 
tray. These roller bearings cons i sted of short lengths of 
\ or % in. round steel sandwi ched between two machined steel 
plates. The plate " B" was free to slide between the butlesses 
. . II 
" d " . The end frames. " i" and the accompanying ~ in. plate ~ 
1 in. diameter rod, and thrust bearing and nut , were used to 
apply an axial tension to the concrete block when this had 
been mounted in the test frame. 
14.2 The Aggregate lnte£12ck Mou!ds an9_Prepara~ion of the 
~t Specimen. The moulds consisted of three sections , 
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which when bolted together formed a 14 x 4 x 4 in. internally . 
dimensioned box. Before testing the central section of the 
box was removed. The side plates of the end sections of the 
box were grooved so that the concrete was well bonded to the 
plates to allow a x ial tension to be applied through these 
plates. The operations involved in preparing a test specimen 
in one of the moulds are enumerated below : 
(1) The end plates and the central section of the moul d 
were removed, and a ~ in ~ deep saw cut was made around the 
centre-line of the exposed concrete. 
(2) The gauge points were fixed to the concrete. Angle 
brackets were screwed to the side plates · on the end sections 
of the mould , and the frame consisting of the ~ in. end p l ates 
and ~ in. diameter rods was screwed into place (see F i g. 10~4)c 
14.3 !1ouJ:1!ing the CoQ££e~qq.,ls_....l!L !;he Test [raiD£.:., The 
operations involved in mounting th~ concrete specimen in the 
test frame are dipcussed below (see Fig. 10 . 3 and 10.5). 
(1) Wet plaster , which was n ormally used for capping 
concrete cylinders ~ was placed on the tray " A" and the plate 
"B" , and the test specimen was lowered into the test frame. 
One of the end sections. of the mould was then screwed to the 
tray " A" , and the other to the plate " B". The clamps " j" were 
positioned and tightened so that the wet plaster was squeezed 
out from under the end sections of the mould. The test 
specimen was not disturbed until the plaster had set. 
(2) The tensioning device " k " was bolted to the plates 
screwed to the ends of the mould , All the clamps and screws 
holding the tray "A" in position were loosened. The % in. 
diameter rods, which join the end plates attached to the 
concrete mould , were adjusted so that the nuts holding these 
rods were finger tight. 
Test Specimen 1n Di fferent Stages of Preparation 
Gauges used ·for measunng 
( 1) w idt h of main crack between saw cut s - c, d & e 
(2) shear displacement - a & b 
( 3) openin g of secondary diagonal crac ks - t & g 
A A 
,, ' : I I : '# 
d c e 
0 b 0 a 0 0 0 
b 
c 
0 a 0 0 
, 
1!4 deep 
saw cut 
f 0 Ot / ~ ~· tO O t 
gO Og 
0 ao 0 ob o 
gO q,Og ao 0 
d c e c 
I : I I I : 
' 
Top Surface Bottom Surf ace 
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(3) Tension was applied to the concrete by tightening 
the 1 in. diameter nuts situated at the extremities of the 
frame. In about five out of six cases a tension crack formed .... 
between the saw cuts in the concrete. If the crack formed .. . at 
any other section, the test was discontinued and the concrete 
block was removed from the test frame. When the crack formed 
between the saw cuts, the end attached to plate "B" was clamped 
in place by tightening the clamps " m" and the screws " p".. The 
crack was adjusted to the required width by tightening or 
loosening the screws " f" j) which positioned the tray "A" , and 
by adjusting the tension in the % in. rods. The bolts holding _ 
the tensioning device to the end p l ate s on the mould were 
removed. 
(4) The loading arm and the load cell were mounted in 
place. The loading arm was attached by two screws to the end. 
box of the mould which was fixed to tray "A" o The shear was 
applied across the crack by tightening the screw "n" . The 
line of action of the force was determined by % in. diameter 
ball bearings pos itioned at the ends of the load cell (see 
Fig. 10.5). By this means the line of action of the applied 
force acted along the centre line of the load cell , and the 
projection of this line intersected the cracked concrete 
section at the mid height of the crack. With this loading 
arrangement pure shear acted across the crack surface. 
The roller bearings situated around tray "A" and the 
% in. rods restrained the concrete from longitudinal movements 
(i.e. change in crack width), but they did not provide any 
restraint against transverse movements (i.e. shear displacements~ 
Five or six calibration runs were made on the load cell 
during the period it was in use for the tests reported in this 
thesis. Over this period there was no change in the character-
istics of the cell, although initially it had mal-functioned. 
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When the tension crack formed in the concrete (operation 
3) rotations developed between the two faces of the crack (i.e. 
torsional rotatiop· across the crack). In cases where the shear 
displacement arising from this twist was greater than certain 
limits, the tests were discarded. This limit depended on the 
width of the crack. F;or crack widths 5 x 10~ 3 in. or greater , 
the limit was taken as 12% of the crack width~ and for crack 
widths of 2.5 x 10-3 in. the limit was taken as 15% of the 
crack width. 
14.4 Test P£Q£edure. Approximately ten load increments were 
made for each test, and after the application of each increment 
a minimum period of three minutes was allowed to elapse before 
measurements were made of crack widthp shear displacement and 
load. At the end of each set of readings the crack width was 
adjusted if necessary, to maintain it close to the required 
value. This adjustment was achieved by stressing the ~ in. 
diameter rods, or by adjusting the screws 11 f 11 , which positioned 
the tray " A" (see Fig. 10.3)o 
14.5 Concrete. Two series of aggregate interlock tests were 
made. In the first the crack width was varied!) and in the 
second the concrete strength was varied. To obtain different 
concrete strengths, the cement content of the mix was changed. 
The proportions used for these mixes are listed in Table 10o5 . 
TABLE 10 .5 
Tests 
Series I 
Series II(a) 
(b) 
(c) 
CONCRETE MIX PROPORTIONS FOR 1}-GQREGA~ IN1:gLOCI~ 
-- TEST~ 
Proportions 
Ratios bl Weight of 
Water Water Calcium Chlorid~ 
Aggregate Cement Cement 
0.089 0.50 0.02 
0 .. 089 .35 0.02 
0.089 ?41 0.02 
0.089 .70 0.02 
From each batch of concrete bhree aggregate interlock 
test s pecimens and six four inch contro l cubes were cast" The 
mixing and compact i on procedures previously described in 
Section 10 . 2 were followed. The c oncrete was p l a c ed and 
compacted in the moulds for the aggregate interlock test 
specimens with the 14 i n. dimension of the moul d standing 
vertical. When the vibration was complete an end cover p l a t e 
was bolted to the mould ~ and the specimens were mov·ed into the 
fog room. The concrete was cured i n this room f or t wo days 
before it was brought into the laboratory for t e sting. If the 
test could not be made at approx i mat e ly 48 hours after casting 9 
the blocks and control cubes wer e stor ed in a deep- freeze a t 
20°F . This was found to prevent: any gain in strength of t he 
concrete~ When s pecimens had been stored in this manner they 
were war med for an hour and a half by fan heater or by direct 
sunlight 0 and then l eft: for a further hour and a half to allow 
their temperature to r each the labor a t o r y level. This procedure 
was necessary to eliminate the majority of the thermal strains 
i n the concret e . 
Two four i n c h control cube s were test ed during ~ or 
immediately afte~jeach aggregat e interlock testQ 
14.6 Experim~ntal R~..§~~ The compression strengths obtained 
from the four inch cube s for the d ifferent aggregate interlock 
tests are listed in Table 10 . 6. 
The shear stress - shear displacement curves obtained 
from the aggregate interl ock tests are shown in Appendix 2. 
The va l ue of shear d isplacement p l ott ed in the s e figures is 
the average value measured on t he top and bottom surfaces of 
the block . As each test progressed the crack width varied 
slightly, but as previ ous l y noted adjustments were made to 
keep it close t o the initial va lue . The average deviation 
TABLE 1 0 .. 6 COHPRESSlON STRENGTHS OF CONCRETE USED FOR 
-~----~fi.~§~_l!'ll'~~LOCK_~IL._~--
Series Crack No. of 
Width A . I* 
X 103in Tests 
--- r----· 
1 15 .o 6 
12 5 6 
10.0 6 
7. 5 6 
5 0 6 
2 5 5 
ll a 7 5 6 
b 7 5 5 
c 7 .5 5 I I 
* Aggregate lnterlock 
. --~--------···-· 
L~ in. c ub e Co-efficient 
Strength of variation 
Mean Va l u e 
psi , 
4-•) 930 
4 $640 
!!~ ~ 790 
4ll850 
4 , 880 
4 . 2 
4~770 
·------
I 
Mean 4 9810 
---..x-~-----1 
8v120 
6~530 
2~700 
--
1.~ ,, 9 
3 . 2 
3 .. 8 
_.,_ ___ _ 
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of the crack wi dth from t he ·nomina ~ value_ was 1 .. 1 x 'l0-4 ir:.~ 11 • 
90 7/ i ~ • . f + 3 < (j D 4• and ~o of all crack wiat'hs were w ·ctt~rt t he l~m~t s o - x I .J 
in- of the nominal value. These l imits did not app l y when 
extensive diagonal or flexur-al eracks developed i n the conc:~E"?.I:e, 
However, when t his stage was reached and ·the crack wi dth could 
not be controlled » no further measur ements were made . 
15 . DOWEL TESTS 
_,..------=---.--
Two d i fferent types of dowe l tests were made to study 
dowel action . The first series was designed to investigate 
the shear that can be transmitted by dowel. action between two 
concrete cantilevers .. Th,ese are r eferred to as short dowel 
tests . The second series, which have been referred to as long 
dowel tests 9 were designed to investigate dowel action that 
can develop over the last flexur a l crack in the shear span .. 
15 . 1 Short Dowel Tests . For the short dowel test a short 
length of reinforcement was cast into a block of concrete . 
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The d i mensions of this block were 10 x 3 x sr in. where sr 
was ·3 7 I 
8
, 57 I 8 or 77 I 8 in. The reinforcement cons is ted of a 718 i n . diameter bar. The concrete was c~st with the 10 in . 
d i mension of the mould standing vertical, and with the centre 
of the reinforcement situated 2 or 8 in . above the bottom 
surface of the mould . During casting the reinforcing bar was 
held rigidly in position by screwing it to the mould . The 
shape of the test specimen; and the forces it was s ubjected to 
under te s t, are shown in Fig . S . S, and the test frame used for 
these tests is shown in Fig . 10 . 6 . The load was applied to the 
test block by means of a spring balance which acted on a 
pivoted lever arm . Hith t h i s loading arrangement there was 
cons i derable resilience, and consequently the specimen was 
usually destroyed when a dowel crack formed in the concrete. 
15 . 2 The Concrete. From each batch of concrete three dowel 
blocks and six to eight four inch control cubes were cast, 
and these were cured under the same cond i tions as the concrete 
for the aggregate i nterlock tests. In the first four sets of 
dowel test blocks (Table 8, batch Nos . l - 4) leakage occurred 
from the moulds during the compaction of the concrete . To 
prevent this in the remaining tests, a graphite joint ing 
comp ound was used in -all the joints in the mould . 
In the different mixes used for these dowel test s the 
water c0ntent of the concrete was varied to obtain mixes with 
d i fferent workabilities . The workability of each mix was 
assessed with slump tests, the results of which are presented 
in Table 10 . 7, along with the proportions of the different 
ingred i ents that were used. 
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TABLE 10 o7 
Mix Slump Rat io by Wei ght 
-- -Av . value Wat,?£, Water Ca l c i um Chl ori de 
Cement 
~..__..~--
in& Aggregat e Cement 
A .!,.-lt i n e o082 ~ 50 .02 
B 2 .089 o5Q .02 
c 4 .096 o50 .02 
15o 3 .IlliL~infOI,:£giD!mh All t he r e i nfox:·cement us ed i n t hese 
tests consisted of mild s t eel 7/8 i no diamet er bars. The surf a ce 
characteri stics of t hese vari ed . Defor med , plain ~ and light ly 
greased plai n po l ished bars were used in d ifferent tests. To 
prevent the polished and gr eas ed bafs from bei ng pushed out 
of the concrete (by f orce P see FigG 5 . 5) ~ a number of sha l low 
saw cuts were made in the sides of the bar i n t he cent ra l 1~ i n o 
In this locali ty t he bendi ng moment s usta i ned by the ba r was 
small 9 and hence bond stres s e s t hat may have been developed 
i n this zone owing to thi s bendi ng moment were negligi bl e . 
15o4 ~~~rials Us ed in Dowe l Tests. S ixty~three short dowel 
tests were made from 21 differ ent batches of concret e o The 
materia ls used i n each of the se batches i s det ai l ed i n Tab l e 
15.5 ~E~rimental Resul ts o Typ i cal load displacement curves 
obtained from these t ests a r e shown in Fi g . 5.6 9 and t he 
results of all te s t s are tabul a t ed i n Append i x 3 o The di sp l a ce -
ment readings made on gauge lengths " a 11 and " b" (see Fig. 10 .. 6) 
were taken on both of the faces of the concrete block , and it 
is the average value that i s l isted in t he t ables in Appendix 
3. Small corrections have been made t o both the mea sured 
values of dowel shear and displ a cement i n an attempt to predict 
276 , 
TABLE 10,8 MATERIALS USED FOR SHORT DOWEL TESTS 
-- ~---1;~---- """" 
----~ 
B·atch Mi x'" Type of Depth of Si ze of Concret e 
cP No . Bar Concr ete bel ow Block s 
cent re of bar r 
in . i n . 
1 B Pla i n 8 5 . 875 
2 B Deformed 8 II 
3 B (2- Def or med 
(1 - Plai n 
2 II 
4 B (1 - Def or med II II 
(2=Plai n 
5 B Defor med II 3 . 875 
6 B " 
II ., 
7 B II II 7 . 875 
8 B II " 
II 
9 B " II 5 . 875 
10 B II II II 
1 1 B II " 
II 
12 c " " " 
13 c II " 
II 
14 A " It 
II 
15 B Pol ished " " 
16 B Defor med 8 " 
17 B II " " 
18 c II " " 
19 c II II " 
20 A " " " 
21 A " 
,, 
" 
-
'"See Tab l e 10 . 7 ¢ See Fig ., 5 ., 5 , 
the equivalent magni tudes that would have devel oped if the 
dowel shear had been applied , and the disp l acement measured 
2.77 Q 
a t the concre te surfa ce~ These corrections are described in 
Chapter 5 Section 5, The concrete strength measured from test: s 
on the control cubes~ for each set of dowel blocks , is listed 
i n Table 5. The mean concrete strength mea s ured on all the 
four inch contro l cubes (a total of 161 tests) wa s 4 ,840 psi~, 
and the coefficient of variation was 4 ~ 6%~ 
Four l ong dowe l t e sts were made n The di mensi ons of the 
t est spe cimens are shown in ·Fig ~ 5 , 6. The reinforcement 
consisted of a single 'la i n" diameter deformed mi l d steel bar 9 
which was located with its centre 2 in ., above the bottom 
surface of the moul d during casting., The bLock. was turned 
upsi de down for testing, · One batch of concrete v1as used t o 
cast t he four dowe l blocks and six f our i nch control cubes. 
Concrete mi x B (see Table 10 o7) wa s used ~ and the curing 
conditions were the same a s for the short dowel tests . 
The appar·atus used for t hese t e sts is shown in Fig..- 10 ~ 7 .. 
The dowe l load wa s app lied by tightening the self aligning nut 
bearing against the ·load cel tc This l oading system had little 
resilience, and consequently a decr ease in dowel res istance 
at dowel crack i ng result ed i n only a small movement of the 
dowel but a considerable decrease in the load sustained by the 
load cell ~ Thus , with t he formation of a dowel crack the 
s.pecimen was not destroyed (as i n the case with the short dowel 
t ests) , and it was possible to measure dowe l l oads and di s -
placements after major dowel cracks had formed ~ 
The dowe l l oad was applied in a number of increments~ 
and a t each load leve l four mi nutes was a l lowed to elapse 
before the l oad and displacement of the dowel was measured . 
The experi mental r e sults obtained from these tests are 
shown in Fig, 5 .7, and t abul ated i n Appendix 3 ~ 
It- D =-0 . 
1 1 compression sidf 
111 
tlr t ension side 
I . J- _b _ _,...o 
I • • , 
L--- 2 - 2 /2 x 2 ~2 .angl es 
1'' apart 
27S 
ball bearing 
I 
I . I 
I I 
1 - 1 
l.oa d a ppl ie d ~hrough 
sprmg balance 
Fig.10.6 - APPARATU S USED FOI~ SHORT DOWEL TESTS 
l eads · to strain bridge 
~.===IJ 
self-alining bear in g 
..... ---
wedge 
loa d 
gauge points 
for 4'' gauge 
Fig. 10.7 - APPARATUS USED FOR LONG DOWEL TESTS 
The concrete strength measured by compression t ests on 
the six four i nch cubes was found to be 4,790 psi . and the 
coefficient of variation of these tests was 4 . 3 per cent . 
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APPENDIX I 
Experimental Results of Beams FAOl , F2 , 
F3, FA4, CAl , SCl, SC2, and SC3 
286 . 
All the strain and displacement measurements tabulat ed 
in this appendix have been calculated from readings taken 
on both sides of the beam, unless otherwise noted . 
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BEAM F ADl - LOAD STAGES AND CRACK DEVELOPMENT 
Load Applied 
-.~.s t aget---:-:,.;;;;S..;;.;h:..::e:....::;a.:::~:-.- --I 
V vtl 
kips ps1. 
1 1. 63 22 
2 3. 26 44 
3 4 . 89 67 
4 6 . 54 89 
5 8.18 111 
6 981 134 
7 11.45 156 
8 13.08 178 
9 17 . 00 232 
Descript ion of C~ack Development 
Flexural cracks formed 
and propagated vertically into the beam. 
It 
II 
The cracks extended for a short distance in 
an inclined direction . 
The cracks continued to extend and dowel 
cracks formed in the outer thirds of both 
shear spans . · As failure appeared imminent 
the two -stirrups marked F (Fig . A. l) were 
fitted to th¢ beam, aft·er the strain readings 
had been tak~n . 
The stirrup marked G was added to t he West 
shear spa~ . 
New inclined cracks formed in the East span 
of the beam, and the stirrup marked H was 
fitted to the span . 
New major inclined cracks formed in the Wes t 
span . These extended and stabilised at the 
load point . 
~-----~----~----~-------------------------------------------------~ 
18" 19. 4·' 8: 
.. g ;I· 1~ 414 ~I~ 1 5 Gauge row ~ I 1 
0 0 0" 0 · 0 0 0 0 0 w E 0 0 o · 0 0 0 0 0 ~ ~ 
0 0 0 0 . 0 0 0 0 0 0 
0 0 electrical resistance ga.uges/ 0 0 0 0 0 0 0 0 
0 0 0. . o 0 0 0 0 0 
0 cr::u~k lniti::ltnr ~ n 0 0 0 0 0 0 
All gauges shown above were located on both sides of the beam 
sw SE 
N E NW 
Fig •. A. 1- BEAM FAD 1 - LOCA liON OF STRAI~· GAUGES, AND CRACK PAT TERNS BOTH SIDES 
OF THE BEAM 
f'V 
0) 
o:> 
I 
BEAM FAJ!l - TENSIO~ FORCE IN REINFORCING BARS 
(kips) 
Gauge Shear-kips 
No. 1.63 3.26 4.89 6.54 
1 .2 • 7 1.7 2.6 
2 .6 1.~ 3.8 5.5 3 .5 l. 4 . 4 7.1 
4 
I 
.8 2.8 6.0 8 .3 
5 1. 1 4 .0 7 . 1 9.9 
6 2.1 4.8 7.2 9.9 
7* 2.3 6.8 11.3 15.7 
8* 1.4 ·4.1 ·6.5 8.9 
9 2.6 6.8 10,6 14.7 
10* 2 .1 5 .4 8.8 11.9 
11 1.8 4.8 8.2 11.6 
12* 1.0 3.8 6.2 .8.5 
13* .3 2.0 2.5 4.1 
14 .7 2.1 3.9 6.6 
15 .5 1.9 4.3 6 .2 
16 .4 1.3 2.9 5.1 
17 .2 .5 1. 5 2.8 
18 .1 .5 1.3 1.9 
19* .4 1.1 2 .4 3.2 
20 .5 1.5 3.6 5.8 
21 .7 2.2 4 .9 7.4 
22 l.2 3. 4 6.8 8.4 
23* 1.0 3.2 5 .1 7.1 
24 1.7 4 . 3 7.6 12.2 
25 2 . 4 5.9 9.3 12.9 
26 2.9 6. 4 9.9 12 . 9 
27* l.7 6.1 8 .5 11.6 
28 1.8 5.3 8 .6 11.7 
29 l.l 4.0 6.6 9 .4 
30 .8 3.4 5.8 8.0 
31 .6 2.1 4.1 6.7 
32 .5 1. 8 3.9 5.6 
33 .3 1.0 2.3 4 . 3 
34 .'1 .5 1.0 2 . 0 
Gauges 1-17 on bar near South s i de 
Gau3es 18-34 on bar near North side 
8.18 
4.0 
7.8 
10.1 
11.6 
13.6 
14.4 
22.4 
12.7 
19.4 
15.5 
15.4 
11.2 
5.9 
9 .5 
8.3 
6.5 
5.2 
3.0 
3.4 
8.0 
10.5 
u.s 
10 .5 
15 . 5 
17.0 
16.5 
15 . 2 
15.6 
12.5 
10. 5 
10 . 6 
7.7 
6.7 
3.5 
* Gauges ass~ to have mal-functioned 
9.81 11.45 
.9.2 10.7 
12.0 14.2 
12.5 18.2 
14.0 20.5 
16.7 20.8 
17.5 20.4 
29.1 30 . 8 
15.5 18.9 
23.7 27.7 
18 . 3 21.5 
18.4 21.8 
13.1 15.2 
7.2 8.9 
11.4 13.4 
11.1 13.2 
10.5 12.2 
U.6 13.5 
7.0 8 .2 
4.6 6 . 2 
10.2 14. 1 
13.5 19.2 
13.8 17 . 1 
12.8 15 .8 
18.3 21.4 
20.4 23. 9 
19.7 23.4 
18.1 21.1 
18.6 21.8 
15.2 18. 0 
12.7 15.1 
1l.1 13.1 
. 10.5 12.3 
10 . 1 11.9 
9.5 11.1 
Location 
13.08 Row y 1.63 
in • 
12.0 
. 15.8 
21.0 
23.7 
23 .8 
23 .3 
34.3 
22.0 
1 
- 10 
3 • 8 
5 
- 3.5 
1 7 .5 
9 
- 1 
11 0 
13 0 
31.3 1 - 6 3 
- 3.5 
24. 4 
24.8 
16.7 
12.0 
15.8 
5 
- 1.5 
2 7 2 
9 3.5 
ll 5.5 
13 11.5 
14. 9 
13.8 
15 . 1 
1 
- 2.5 
3 
- 2 
5 0 
9 . 3 
8 . 3 
17.8 
21. 9 
3 7 .5 
9 2. 
ll 3.5 
13 5.5 
19.5 
18.4 
24.4 
27.2 
1 0 
3 
-
.5 
5 
-
.5 
4 7 0 
26.7 9 0 11 
- 1. 
23.9 13 .5 
24.7 
21.4 
18.6 
15.0 
13.0 
13.3 
12.4 
1 • 1.5 
3 0 
5 .5 
5 7 .5 
9 0 
ll 1 
13 1 
BEAM FAD1 - STRAIN I-£ASURE1£ln'S ON CONCRETE 
(strains x 105) 
Shear-kips 
3.26 4.89 6.54 8 . 18 9.81 
-17 -25.5 -32.5 
-42.5 -54 
-10.5 -15 -19.5 
-24.5 -30 
- 2.5 
- 3 - 3 
- 3 
- 3 
.5 1 2.5 1 2.5 
.5 1. 5 1.5 2.5 3.5 
2 2.5 3.5 5 7.5 
2 4 . 5 8.0 9.5 10.5 
-12.5 
-18 . 5 -23. -29.5 
-36 
- 7. - 9.5 - 10.S -13.5 
-15 
-
.5 1.5 4.5 6 6.5 
8.5 16 . 26 32 37 
13 23 36 43.5 51.5 
32 52.5 70 86 101 
40 65 87.5 107 130 
- 5. - 7 .5 -10 -12 -13 
- 2.5 
- 3.5 - 4.5 - 4.5 
- 5 
0 5 1.5 3.5 24 
1.5 4.5 12 11.5 34.5 
5 14 24.5 41 85 
9.5 24.5 41. 61.5 68 
15 31 48.5 67 80.5 
-
.5 0 1 2 • 2 
-
.5 1 l. 1 . 1 
·o 1 . 1.5 2 1 
1 2 2.5 3 1.5 
1 2 2.5 4 2 
0 1.5 2.5 4 2.5 . 
3 3.5 4.5 7 6 
- 1.5 - 1.5 
-
.5 
-
.5 0 
-
.5 .5 1 1 . 5 
.5 .5 2 2 1. 5 
0 .5 1.5 2 1 
.5 1 2.5 3 1.5 
1.5 2 4.5 5 3 
1. 5 1.5 4.5 5 5 
11.45 
-66 
-38 
- 6 
1.5 
6 
13 
23.5 
-43 
-18.5 
6.3 
38 
63.5 
117.5 
153 
2 
1 
0 
.5 
-
.5 
0 
4 
.5 
1 
1. 
.5 
.5 
1.5 
5.5 
13.08 
-80 
-46.5 
- 8 .5 
3.5 
6 
23 
33 
-49.5 
-22.5 
1 
31.5 
93 
147.5 
185 
l.S 
0 
-
.5 
-
.5 
- 1 
- 1 
3 
0 
0 
.s 
-
.5 
0 
4 
5 
.... 
QO 
., 
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BEAM F2 - LOAD STAGES AND CRACK DEVELOPMENTi 
Load Appli ed 
Stage~--~S~h~e~a~r~~ 
V vn 
1 
2 
3 
4 
5 
6 
7 
8 
9 
kips psi 
1.63 22 
3 . 26 
4 . 89 
5.70 
6 . 53 
7.34 
8 . 15 
8 . 96 
10 . 60 
44 
67 
78 
89 
100 
111 
122 
144 
Description of Crack Development 
Flexural cracks formed, 
and propagated to the tops of the crack 
initiators . 
The cracks extended in an i nclined 
direction . 
II 
Horizontal cracks formed from the t ops 
of the crack initiators, 
and these extended .. Dowel cracks 
developed at the level of the reinfor ce-
ment . 
A continuous break bet ween the tension 
and compression zones of the beam formed 
above the tops of the crack ini"tiat ors. 
Tension cracks extended downward from the 
top surface of the beam. 
The beam failed when the cracks ment ioned 
above extended, and the concrete be l ow 
t ·hem crushed . 
J 
N ~ l 
o I 
0 
o I 
0~ ) 
o I 
0 -
0 1 
: I 
0 
0 
0 
0 
0 
0 ) 0 
0 0 
0 I I D. 
h 
0 
I o 
0 I o 
I ~ 
I o CJ 
9 
0 
0 
0 
f 
0 
0 
0 
e 
0 
0 
0 
0 I 0 I 0 
d 
o o I o : 0 ,
1
-o I ol , 
CJ 1°01 D l o 0 CJ 
o I 
~ I 
0 
0 
0 
~ II o D D 
0 
I 
I ~ 
loo 
0 
0 
0 
0 
Gauge 
0 II::J I CJ 
row 
,.---crack initiator 
DtDI D 
2 3 Crack no. 6 7 8 9 10 11 12 13 14 15 16 
All gauges shown above were located on both stdes of the beam. 
SE 
NW 
Fig.A.2~BEAM F2-LOCATION OF STRAIN 
THE 
6 6 
3 3 
CJ 
8 8 
s ,.. 
I 
... , 
CJ l CJ 
GAUGES. AND CRACK PATTERNS · BOTH . SIDE 
BEAM 
s 
NE 
sw 
OF 
tv (0 
-
! 
~ 
' 
: 
Location 
Row y 
in1 
l 
a 3 
5 I 7 
. 9 I u 
13 I 
' l I b 3 I 
5 I 
7 
9 
' ll I 13 
! 1 
c 3 I 
5 
I 7 9 11 13 I l 
d 3 
5 
7 
9 
11 
13 
1 
e 3 
5 
v 7 
9 
11 
13 
BEAM F2 - STRAlN 1-.E:ASURE~NIS ON SURF ACE Of COI'.'CR£TE 
(Scrains x LOS) 
Shear-kips 
3.26 ':89f ;-:;o · .,._,.,t '-''l -s7is ' -" 
0 ! 0.5 1 1 1 l 2 3 0 0 . 1 0.5 0.5 0.5 0 . 5 
-o. s I 
-t.s I -3.5 -t -1 -2 -2.5 
0 . 5 ' 1.5 ! 2.5 2 0 I -l.S - 2 
-0.5 4 I 2.5 2 0 -2 I -3.5 
o .5 I 2. 5 3 3 I o . 5 l -1. s -4 
o . s : 2 I 3 3.S I 2 .5 1. 5 I 0 
-2 -2 . 5 - 2 . s -4.s -1 1 2 3.5 
-1.5 
-2.S I - 3 - 4.5 -3 . - 2 -1.5 
0 o . s 0 - .5 -2.5 - 6 -6.5 
0.5 ·o.5 1 .s -3.5 -9 -u.s 
0 1. I 1 .5 -4. 5 - U . S -15 
2 1 1 l3 -1 -9.5 -13 
2 . 5 7.5 10 lS:S 47 86.5 120.S 
-5* 
-7* i -7* -8* -4* 4* 14* 
-3.5 -3.5 i -4 -4.5 -5 -5 - 1.5 -1 -1 -l.S - 2 - 6.5 - 14 -18 
0 l l 0 . 5 1 -9 -24 -35.5 4 ' 7.5 10 12 16. 5 16. 5 12 4 u . s 13.5 18 43. 5 62.5 l 73 . 5 3.5 : 13 . 5 17.0 20 .5 30.5 so.s 65 
i I -7. 5 -8* I - 11.5 -12 -10.5 0.5 7.5 
-LS -4 I - 2 - 2 . 5 - 4 . 5 - 8 - 9* 
0 1.5 
' 
1.5 1 .5 -4.5 -20.5 -29 
3.5 8 I 10.5 12 .5 10 . 5 -26.5 -45 
u.s 21 I 26 30 39 -6 - 7 18.5 31 38.5 46.5 ss .s 51 40.5 23 . S 38 47 57 . s 56 . 5 27 20 
-10 -13 I - 16 - 18 -20 -12 - 15.5 
- 3* - 4* I -7.5 
- 8 - 9 -14 - 18.5 
-1 2 3 5 . S 6 - 14 -19 
6 13 15 19.5 
10 18 20.5 27 25 . 5 44.5 44 
11 20.5 25 29 35.5 63. 5 78 
15. 5 25 .5 32 36 49 
* Gauge readings o~ one side of beam only 
I 
I 
I I 
i 
I 
I 
I 
I 
I 
I 
' 
I 
I 
I 
i 
I 
! 
I 
I 
Coned Beam F2 - Scrain ~asuremencs on Surface of Concrece 
(Strains x 105) 
Location Shear- kios 
RO<.r y 3 .26 4 . 89 5.70 6.53 7.34 8.15 8 . 96 
in. 
. - .. . ; ....... -... -
l -13.5 1 -21 - 25 - 29 -35.5 -32 -33 
! 3 - 6.5 l - s - 8.5 -10 - 9 . 5 -19 -23.5 
51 3 . 3 , 4 18.5 ll4 159 
7 3 I 6 I 7 9 .5 45 . 5 201.5 276.5 
' I '-' . " I "- 5 i " 47 . 5 161 216 ll 15 25 ' 30 36.5 55 . 5 136 161.5 
l3 21 1 n.5 I 38.5 ~ 46 56 124* 125* 
1 , -24 : -21 I -24.5 ' - 31 - 42 . 5 - 54 
-65 
g 3 I -65 . - 9 -12 I - 12.5 _ 9 1 36.5 53 
5 1 - 1.5 : 3 ! 4 ; 6 . 5 21 17 LS.5 
7 : 12.5 26 : 33 ' 40 . 5 57 I S4. 5 54 9 I 23 ' 39 I 47 i 57 70.5 71 73 
11 1 35 58 , 68.5 so 93.5 99 .s 104.5 
13 ; 42 : 70 . 83 ' 96 . 5 109 . 5 119 128 
I ' i 
1 I -16 I -25 . - 30 : -34 . 5 - 4 l. S 
-S2.5 - 65 
b 3 I - 7 j -11 1 - 14 ! - 16 -18 -16. 5 - 16.5 
s I o : 2 , t. 5 3 .s 3 8 9 
13 19.5 22.5 7 1 8 • 5 ' 10 ~ 12 • S I lJ • 5 
9 I 14.5 : 22.5 25.S I 29 . 5 32 38 41 
ll 18* I 29 I 33 4l.S 43.5 49.5 55 
13 24. 5 ~ 37.5 I 42.s 1 so 57 64 70.5 
I I 
. -45.S 1 I -14.S -23.5 I -28 i -34 -39 -57.5 
i 
.3 - 8 -U.S l -13.5 I -16 -19.5 ; -22 -23.5 
s 0.5 0 . 0 . 5 . 0 
- o.s ' - 0.5 2 
7 6.S 10 12. s 1 14 13. 5 I 15.5 18 9 12.5 20 2S . 28 30 . 5 ; 32 38.5 
ll 17 29 34.5 I 40.5 44.5 I 48.5 54.5 
13 21.5 36.5 44. 5 Sl.S 58.S 62.5 70.5 
I 
-4S.5 i -53:1-1 -18 - 25 - 30 . S I -34. S -SO j 3 - 9 - ll - 12 - l3.S 
-13 -l4.S 
- 9 
s l.S s 5.5 s 9.5 10 9 
7 12.S 23.5 27 .5 32. 5 37 40.S 44 
9 24 40 47.5 54. 5 62 68 71.5 
ll 35 58 68 79 87 97 101.5 
13 45.5 75.5 87 . 5 101 ll5 127 132 
~ 
* Gau&e readings on one side of beam only 
N 
., 
"' 
Crack 
No. 1.63 
3 1.4 
4 2.4 
5 3.7 
6 4.0 
7 
-8 6.0 
9 • 6. 9 
10 6.9 
11 6.9 
12 7.2 
13 6.9 
14 6,2 
15 4.4 
16 4.2 
17 3.7 
18 3.1 
19 2.3 
3 17 
4 35 
5 41 
6 56 
7* 70 
8 78 
9 94 
10 92 
11 93 
12 95 
13 94 
14 82 
15 63 
16 60 
17 50 
18 41 
19 32 
BEA.'< F2 - TENSION FORCE lN REINFORCEMENT 
(kips) 
3.26 
5.3 
6.6 
9.4 
10.5 
-13.1 
14.8 
14.7 
15.1 
14.0 
14.2 
13.4 
U.6 
10 .3 
8.0 
7.0 
6.0 ' 
67 
88 
119 
137 
163 
180 
208 
206 
.212 
194 
196 
185 
155 
t34 
100 
94 
79 
Shear- kios 
4.89 5.70 6.;)3 7.34 
9_9 12.1 14.1 18.4 
ll.9 14.6 17.5 21.8 
13.9 17.0 20 .0 24.3 
16.0 18.7 21.9 26.7 
- - -20.4 23.9 27.3 30.0 
22.9 27.5 30.6 33.6 
22.3 26.0 29.9 33.7 
22.1 25.9 29.9 33.6 
22.0 25.7 29.5 33.2 
22.6 26.0 29. 9 33.3 
20.4 23.7 27.6 '31.0 
18.3 21.7 25.2 30 .4 
17.5 20.3 23.6 29 .3 
14.3 17~ 20.1 26.7 
12.6 16.0 ··.J.8. 5 25.3 
10.7 12.6 14.7 20 . 9 
DISPLACEMENTS BET!o/EEN BOND PLATES 
(x L05in. ) 
127 164 196 . 266 
160 204 251 321 
192 243 292 371 
226 270 323 402 
282 334 402 446 
299 356 410 456 
339 402 465 515 
330 390 453 516 
327 388 454 514 
325 386 447 508 
334 391 455 510 
299 352 416 473 
264 320 377 461 
252 298 352 444 
199 247 293 400 
171 226 268 379 
141 172 205 307 
8 . 15 
27.9 
30 . 1 
32.1 
32.2 
-34.3 
36.2 
37.0 
37.4 
36.6 
36.5 
34.3 
33.3 
34.3 
29.3 
28.2 
23.7 
422 
458 
490 
491 
535 
526 
558 
569 
577 
563 
561 
525 
509 
524 
444 
427 
353 
* Gauge reading from one side of beam only 
8.96 
32.6 
35.5 
38.6 
35.2 
-37.2 
39.7 
40.3 
41.8 
38.5 
38.0 
37.5 
37.5 
41.1 
34.3 
37.7 
31.9 
500 
547 
597 
541 
604 
572 
614 
621 
648 
595 
587 
578 
577 
637 
527 
582 
487 
"' ... w 
Load 
Stage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
294 . 
BEAM F3 - LOAD STAGES AND CRACK DEVELOPMENT 
Applied 
Shear 
- v 
kips 
1 . 63 
3.26 
4 . 08 
4.89 
5 . 70 
6. 53 
7. 34 
8 . 96 
10 . 60 
12 . 23 
vn 
psi 
22 
44 
56 
67 
78 
89 
100 
122 
144 
167 
Description of Crack Development 
Flexural cracks formed, 
and propagated to just above the top of the 
crack initiators. 
The flexural cracks extended in an inclined 
direction above the crack initiators : 
Dowel cracks appeared in the South span of 
the beam~ 
Horizontal cracks formed from the tops of 
the crack initiators . 
These cracks extended, and the first dowel 
cracks appeared in the North span of the 
beam. 
The dowel and initiated cracks extended . 
A continuous break formed above the crack 
initators . Flexural tension cracks 
developed from the top surface of the beam, 
and in the North span one of these extended 
and caused failure of the shear span . The 
span was repaired with clamp-on stirr ups. 
The South span failed, when the concrete 
directly b~low the tension that had 
developed from the top surface of the beam, 
crushed . 
·N 
SE 
NW 
., 
Reinforcement covered 
·All gauges shown above were located 
s ,s 
z 
c::J 
,.,. ... 
:c:::p 
· crack initiator 
Rem forcement bare 
bot h sides of the. beam. 
Fig.A.3 • .BEAM F3- LOCATION OF STRAIN GAUGES, AND CRAC.K ·PATTERNS BOTH SlOES . OF 
THE . BEAM 
s 
NE 
sw 
il 
"" 
Crack 
No. l. 63 
3 2.3 
4 4.4 
5 5.4 
6 5.9 . 
7 7.2 . 
8 7.9 
9 8.6 
10 8.4 
Ll 7.8 
12 7.7 
13 7.2 
14 6.9 
15 6.7 
16 6.3 
17 4.4 
18 3.9 
19 3.1 
BEAM F3 - TENSION FORCE IN REINFORCEMENT 
(kips) 
Shear-kif's 
3.26 4.08 4.89 5.70 6.53 
6.2 8.5 10.3 12. 4 15. 2 
8.7 1l.l 12.9 15.3 18.0 
10.7 12.7 15.1 17.6 20.5 
LL.9 14.1 16.4 19.4 22.3 
13.4 16.5 19.5 22. 2 25.8 
14.8 17.7 20.8 24.0 27.8 
16.1 19.5 22.4 26.5 30.3 
7.34 
21.5 
25.8 
26.5 
25.8 
29.6 
31.0 
33.6 
15.6 18.8 22.4 25.4 29.2 . 33.1 
15.1 
14.9 • 
15.3 
14.7 
12.7 
LL.4 
10.5 
8.2 
6.2 
18.7 22.2 25.8 29.8 
18.1 21.6 25.2 28.9 
18.7 22.0 25.8 29.4 
17.6 20.8 24.1 27.8 
15.4 ' 18.2 21.3 24.6 
14.6 16.7 19.1 23.0 
12.2 13.9 16.6 20.1 
10.5 12.1 15.6 11.5 
8.3 10.3 12.7 15.9 
DISPLACEl£N'!S BETIIEEN BOlli> PLAT£.5 
(x tO in.) 
33.7 
32.8 
33.2 
31.0 
29.0 
26.0 
23.5 
21.2 
22.1 
3 37 82 108 133 168 229 316 . I 
4 61 113 147 175 214 257 387 
5 68 145 171 2Ll 253 302 400 
6 77 160 201 234 283 331 388 
7 98 190 235 285 328 388 451 I 
8 . 101 209 256 306 360 422 475 
9 112 229 285 336 398 558 513 
8.960 
Span 
Failed 
40 . 5 
39.3 
38.6 
38.4 
38.8 
41.7 
40.4 
36.0 
37.1 
t O 109 2.2.2 275 331 382 442 483 
11 98 2.12 271 327 390 454 II s 17 625 
12 97 2.10 266 320 382 438 499 594 
_. t~ ~~ ~5~ ~~2 j~~ j~g ~~; I ~g . ~~~ : 
t5 79 11s 219 263 315 37o 441 599 ,I 
16 76 151 203 . 238 278 327 389 654 
17 62 131 165 194 237 294 350 627 I 
18 54 105 137 163 221 253 313 553 
__ 1! - - . -3~ - - 8~ - __ 106 -- __ 135 174 226 327 574__j 
BEAM F3 - VERTICAL Dl5PLAcpmS AQOS.§ t::ltACXS AT LEVEL OF 
REINFORCE~ NT 
(x 105 in. ) 
Crack Shear-kiJIS 
No . 1.63 3.26 4.08 4.89 5.70 6.53 7.34 
3 -7 53 133 246 378 579 1058 
4 2 119 165 274 433 688 1586 
5 -37 123 204 316 481 775 1639 
6 - 7 71 134 225 363 615 1897 
7 -34 70 uo 174 2.56 389 502 
8 -10 105 152 202 264 341 500 
9 -40 ·u 34 63 99 137 170 
10 17 17 21 40 48 56 81 
11 18 52 61 66 73 73 89 
12 -31 24 43 55 56 52 68 
13 39 54 82 lOS 121 167 178 
14 55 90 143 193 239 314 370 
lS 39 134 213 249 318 444 670 
l6 14 62 1.44 226 337 537 955 
1.7 70 153 211 274 376 670 1188 
18 .:.n 57 107 177 299 ss• 1019 
19 41 so 96 1.48 243 590 782 
... 
... 
"' 
Load 
Stage 
1 
2 
3 
4 
5 
6 
7 
8 l ! 
' 9 I 
10 
11 
BEAM FA4 
Applied 
Shear 
v v 1). kips ps1, 
1.63 22 
3.26 44 
4 . 89 67 
5 . 70 78 
6.53 89 
7 . 34 100 
8.15 111 
297 
~ LOAD STAGES AND CRACK DEVELOPMENT 
Descript~on of Crack Development 
Flexural cracks formed, 
II 
and propagated to the tops of the crack 
initiators . 
An aggregate interlock crack formed in 
the last concrete cantilever in the 
South span . 
8 • .96 · ~~ :· 
9.78 133 
11.41 156 
13.06 178 
Small extensions developed on some of 
the flexural cracks. Two more aggregate 
interlock crack~ formed. 
The North span of the beam failed when 
the last flexural crack in the shea:r:· s pan 
suddenly extended to the top surface of 
the peam. 
G~uge row 
r 0 I 0 
~l N 0 0 0 0 0 
SE 
0 v I ... 
I "'l 1 0 1 ; 1 ;; 1 ~ 1 ~ I 0 I : ·~crack .initiator 
"' ' 
I =~ : I : / : 
CJ cb CII CJ 
2 3 4 5 6 7 8 9 10 11 12 n 14 
I 
All gauges shown above were located on bot h spans and both 
sides of t hej beam 
10 
3 
2. 
I t 
c::r \ c::r I c:r l C! 
2. 
c:r l t::l 
~ , 
,;--- - - - - - - - -- ..... 
$ln 10 . ..3 . 'V ~ "JJ' '~'IO 1\ ~ :'I< 5 ~ 2. .,. 
f I "S 
~(c:Jtb' 
s 
NE 
,-· "--- ,_ - - --., 
N W _ ~- -- .. j . :s ,~,.3 4 • _ - S W 
s ·., 2 ~ lQ z s 3 ~ · '\.z 
.. z 2. z ... 1 ={~(J= ~JJ~:=~o··= .. 
Fig.A.4- BEAM FA4 - LOCATION OF STRArN GAUGES AND CRACK PATTERNS BOTH SIDES 
OF THE BEAM 
N 
CD 
Q) 
BEAM FA4 - STRAIN K:ASUR£MENIS Oll CONCRETE SURFACE ( North Span) 
(S~rain x105) 
Location Shear-kios 
Row y ~.Zb 4.8':1 b.}3 8.1:> 'L/8 ll.4 
1 -2 ' -1 -3 -3 -4 - 3 j 3 
-2 -1 -3 -2 -3 - 4 
5 
-2 0 -2 - 2 -1 -1 
8 
-1 1· - 2 -1 0 0 
ll 0 1 -1 1 1 1 
14 0 
-1 2 0 
-1 -1 
. 
1 -2 -2 -5 -4 - 4 -4· 
3 
-2 -1 
-3 -4 .-3 - 3 
1 s 
-1 0 -2 -2 -2 -2 
8 
-1 1 -2 0 0 - 1 
11 0 1 
-1 0 
, _1: 
1 
14 
- 1 - 1 1 -1 
-
1 
-5 -6 . . -11 -12 
-13 
3 
- 3 - 3 - 6 -7 I - 7 -7 
h 5 
- 2 - 1 -3 
I 
- 4 - 2 - 3 
8 1 2 0 2 4 4 
ll 2 3 2 8 13 13 
14 1 7 14 24 32 50 
1 
-6 -10 - 16 - 18 - 20 - 23 
3 - 4 
-5 - 8 -~ -9 -10 
g 5 
-3 -1 
-2 -1 l 5 
8 3 12 17 29 41 so 
11 .8 23 35 45 64 76 
1 
- 9 -14 ~21 -25 - 29 -33 
3 -6 -9 -ll - 13 -14 -16 
f 5 - 2 - 1 -3 -3 -1 -1 
8 1 ll 13 16 19 21 
13 3 20 25 33 40 44 
1 
-12 -20 -28 . -33 -40 -45 
3 
-7 -9 -14 - 16 -19 - 22 
e 5 
-1 0 0 1 3 4 
8 9 14 13 19 23 28 
13 17 24 29 37 46 57 
1 - 17 -24 
- 32 -41 -49 - 58 
d 3 - 9 -11 
-17 - 20 - 24 - 27 
5 
-2 0 -1 0 1 2 
. BEAM FA4 - Strain Measurements on Concrete (North Span) 
(Strain x105) 
Locati on Shear-ki t>s 
'ROY y 3.~6 4.8'1 6.53 8 .15 7 .78 
"d 8 18 33 40 52 54 
11 38 61 68 98 121 
l - 18 - 26 -38 -49 
-58 
3 
- 9 - 12 -19 -22 -25 
c 5 1 5 5 7 8 
8 9 16 19 26 32 
ll 18 30 39 53 63 
l 
-21 -30 -42 -51 -63 
3 
- 10 -13 -20 -24 -30 
b 5 0 2 
- 1 0 - 1 
8 11 17 20 26 32 
11 21 34 42 53 64 
Centre of 8eam.2in. gauge" 
1 
- 22 - 27 -31 -51 -61 
3 - 10 -10 - 20 -28 
-35 
a 5 1 l 2 l 1 
8 43 7l 92 112 132 
11 96 145 184 230 268 
South Span 
1 -20 -30 .-41 -52 -63 
3 
-11 - 14 - 21 -26 -31 
b 5 l 2 0 0 0 
8 9 14 18 24 29 
11 19 31 39 51 61 
1 
-18 - 27 - 38 -50 -60 
3 
- 8 
- 9 -19 -21 - 27 
e 5 1 3 2 5 8 
8 ll 17 20 29 35 
11 22 33 41 55 67 
l -17 -25 - 34 -41 -51 
3 
- 9 -13 -17 -21 -24 
d 5 
- 1 - 1 - 2 - 1 1 
8 16 27 35 47 59 
11 35 54 70 94 us 
. 
' 
. 
---- -·---- - -·- - -
11.41: 
n l 142 I 
-70 ! 
-32 
I 
10 
39 
76 
-76 
-37 
- 3 
36 
75 
-71 
-43 I 
- 1 
146 
315 
-77 
-39 
- 3 
33 
71 
-72 
-32 
8 
40 
78 
-60 
- 28 
2 
70 
135 
.., 
"' 
"' 
BEAM FA4 - Strain Jr.easure=nu on Conc=et:e (Sout:h Spa.n) 
(St:rain x105) 
Locat:ion Sb.ear 
aov y 3.26 4.89 6.53 1!-15 9 . 78 ll.4t 
- 1 - 14 -20 - 30 -34 -40 -46 
3 
- 8 -10 -14 -17 - 20 -22 
e 5 
- 2 0 - 1 1 2 4 8 6 12 17 18 23 28 
11. ll 20 26 35 44 56 
1 ·-u - 15 - 22 -26 -30 -34 
3 
- 6 - 8 - 12 - 13 - 14 -15 
! 5 
- 3 - 3 - 4 - 3 - 1 1 
8 1 8 9 13 16 18 
ll 3 17 21 28 35 42 
1 
- 7 .-10 -15 -17 - 20 - 24 
3 
- 4 - 6 -10 -10 - 12 - 12 
s 5 
- 3 - 3 - .4 - 3 - 2 0 8 3 8 13 24 34 49 
ll tl 19 31 47 63 82 
1 
- 4 - 6 - 10 - ll - 12 -13 
3 
- 3 - 4 - 7 - 7 - 7 - 8 
h 5 
- 1 - 1 - 5 - 4 0 - 4 
8 0 1 
- 1 0 1 L 
ll 1 3 2 6 4 13 
14 1 6 ll 19 27 42 
1 
- 3 - 2 - s 
- 4 - 4 - 5 3 
- 2 - 1 - 4 
- 3 - 3 - 3 
i 5 
- 2 0 - 2 - 1 - 1 - 1 
8 0 0 - 1 0 1 0 
ll 0 2 
- 1 0 1 1 
14 
1 0 0 
- 2 - 1 O· 1 
3 0 1 
- 1 0 1 0 
j 5 0 0 
- 1 - 1 1 1 
8 0 1 
- 1 0 1 1 
ll 0 1 0 1 1 2 
14 
----
Crack 
No .. 
2 
3 
4 
I 5 
6 
7 
8 
9 
10 
ll 
I 
I 12 13 
! 14 
15 
16 
17 
18 
2 
3 
4 
5 
6 
7 
8 
9 
10 
ll 
12 
13 
14 
l5 
16 
17 
18 I 
1.63 
-1.8 
- 2.2 
- .6 
- • 7 
1.6 
6.5 
.4 
5. 
6.8 
1.3 
8.5 
1.1 
1.5 
.4 
- 1.4 . 
- 1.3 
-i..Z 
15 
ll 
31 
29 
58 
124 
48 
107 
137 
58 
121 
54 
58 
43 
20 
22 
22 
ilEA."! FA4 - TENSION FORC£ IN REl:-tF'Oil.CZ!'EN!" 
(kips) 
3.26 
1.3 
.5 
2.4 
10.7 
9 . 5 
t3. t 
13.2 
14.9 
13.9 
13.6 
13.4 
u.s 
U.1 
8.3" 
1.3 
3.4 
.l 
L__ ____ 
52 
44 
68 
189 
17l 
232 
234 
263 
246 
241 
236 
2ll 
198 
150 
53 
94 
3i 
Sb.ea.r- kips 
4.89 5 . 70 6.53 7.34 8 . 15 
7.9 9 . 6 11.2 12.4 13.6 
6.6 10. 1 ll. 4 13.8 16.2 
l2.0 14. 9 17.3 19.3 23.1 
14.0 18. 6 21.0 23.7 26.6 
16.7 19 . 9 22.8 26.4 2:J.7 
20.5 23 . 4 27.2 30.7 34. 3 
21.4 25 . 5 28 . 7 32.8 36.7 
22 . 3 26. 5 29.9 33.5 37 . 2 
21.8 26 . 0 zq . 7 33.5 37.1 
2l.5 25 . i 28.6 32.1 36.0 
21.6 25 . 7 29.6 3-3..2 37.0 
19.5 22.9 27 . 3 30:0 33.1 
17. 3 20.9 24.0 27.3 30.4 
13.7 16 .9 19.4 21.8 24.8 
12.0 14 . 2 16.6 18.2 21. 5 
8.2 10. 4 12.7 14.6 16.5 
3.2 6.6 8.3 10.0 11.7 
-
D!SPLACEMEI'il'S iL~EN 801\'D PLAIES (x 1 Ln.) 
140 167 153 213 233 
121 178 199 238 279 
210 251 297 330 376 
· z6o 319 357 402 450 
291 340 398 448 500 
352 400 463 520 580 
367 434 486 549 618 
384 454 508 566 630 
377 447 504 568 629 
370 428 486 543 607 
371 438 501 560 622 
337 392 446 508 558 
298 358 409 462 514 
239 291 331 37l 420 
210 246 284 326 364 
147 184 220 251 283 
764 us 145 175 202 
8 . 96 
14.0 
17.7 
24. 6 
29 . 0 
31.3 
36.1 
40 . 4 
40 . 8 
40 . 9 
38 . 9 
40.4 
26. 2 
33 . 8 
27.0 
23. 8 
18. 6 
13.3 
256 
303 
408 
488 
546 
608 
678 
686 
290 
655 
677 
609 
568 
456 
404 
317 
228 
9 . 78 11.41 
16.9 20.5 
20.6 25.5 
26.5 31.1 
31.9 38.3 
36.0 43.0 
41.0 48.1 
43.9 52.0 
44.2 52.3 
44.5 52.9 
42.8 50.9 
44.1 52.0 
39.5 47.0 
36.8 43.8 
30 . 5 36.7 
26.2 3t.9 
20.8 25.4 
15.6 20.8 
288 346 
350 429 
444 521 
536 640 
603 720 
687 805 
736 868 
743 873 
749 885 
719 851 
738 863 
664 787 
618 732 
512 615 
441 534 
352 428 
264 1 ~~o_ 
w 
<:I 
C> 
BEAM FA4 - HORIZONTAL (h) AND VERTICAL (v) DISPLACEMENTS 
OVER CRACKS (x 105 i.n.) 
Crack y Shear- kiPs Crack '(I 
No. i.n. 3.26 4.89 s. 70 6.53 7.34 8.15 8.96 9.7.8 11.41 No. in. -
l 14 h 28 51 79 94 140 198 222 258 410 v 0 14 26 ,33 59 68 93 U9 224 
.5 
1. 5 
2. 5 
14 h 68 180 229 238 272 296 330 358 414 
v 16 46 61 75 96 121 147 1}0 200 
2 ll h 35 135 168 193 221 257 261 294 326 
v 14 53 70 82 108 145 152 187 23~ 
8 h 9 57 77 88 111 125 148 173 228 v 3 33 47 52 68 80 . 97 122 . 187 
I 
14 h 49 98 175 208 256 3ot 1 343 403 470 
v 14 28 49 60 80 lOS I 130 154 207 
3 ll h 38 65 .()6 U9 154 186 219 243 298 
v 1.0 28 44 58 80 1.05 1 127 158 228 
8 h 11 26 34 48 68 94 1 U7 138 180 
I v 6 19 30 43 59 79 100 ll9 1.59 h 56 225 276 312 355 390 400 470 542 I 14 v 7 68 95 117 142 166 1 196 226 282 
I 30 200 224 258 334 378 I 4 11 h 164 284 I 310 v 9 70 105 12~ 152 182 215 249 312 
8 b 75 74 100 us 141 164 184 208 248 I v 
- 2 38 63 76 98 U9 . 142 169 224 I 
2 3.5 
4.5 
s.s 
6.5 
.5 
1.5 
2.5 
3 3.5 
4.5 
I 
s.s 
6.5 
.s 
)..5 
2.5 
4 3.5 
4,5 
s.s 
6.5 
.5 
1.5 
2.5 
5 3.5 
I 14 11 227 300 354 396 447 499 547 606 738 v 28 53 73 93 121 142 172 201 284. 4.5 5.5 6.5 
I h 163 212 245 272 308 341 373 405 485 I s 11 v • 37 67 95 112 151 167 196 231 329 
8 h 57 86 109 123 146 166 190 215 282 v 20 40 63 76 95 116 141 168 248 
.5 
1.5 
2.5 
3.5 
6 4 .5 
14 h 205 326 388 436 497 560 625 689 814 
J v 19 54 84 98 126 151 179 206 272 
5.5 
6.5 
I ------
6 ll h 124 217 262 291 328 368 409 440 524 v 30 72 95 l1.4 142 172 201 231 304 
8 h 39 86 113 129 155 183 200 223 284 v 18 46 68 82 107 131 1.48 172 239 
BEA.'I F A4 - COMPtrrED SHEA.'!. STRESSES TRANSMITTED 
ACROSS CRACKS (psi) 
Shear- kips 
3.26 4.89 5.70 6.53 7.34 8.15 8.96 
61 68 72 105 112 119 160 
90 99 103 132 148 171 194 
120 127 133 155 1.77 210 224 
151. 153 1'60 175 203 240 251 
182 177 187 194 226 265 274 
210 201 215 214 248 286 295 
228 229 245 238 270 303 313 
157 95 93 91 98 ll2 130 
140 1.20 us 117 127 143 159 
128 144 140 146 159 178 191 
121 170 170 179 194 216 226 
l1.9 197 205 218 235 257 265 
124 229 250 266 281 303 308 
142 269 309 327 337 353 356 
0 94 98 115 124 127 158 
26 124 1.39 155 1.65 175 207 
62 150 177 192 204 219 251 
96 174 2U 226 240 260 291 
128 196 243 257 273 298 325 
153 216 271 285 303 330 355 
1.63 234 296 308 329 355 378 
6 25 31. 49 51. 66 80 
31 55 67 82 94 103 117 
sz 83 101 U4 136 140 154 
72 109 134 146 177 177 192 
90 133 166 178 216 214 230 
107 t57 199 2U 254 251 269 
126 182 232 246 287 290 310 
0 l7 52 so 63 65 70 
13 48 76 78 91 96 103 
39 79 102 107 121 129 137· 
66 109 127 136 152 164 172 
93 138 154 167 185 200 210 
1.22 169 184 200 222 240 251 
155 202 219 238 264 283 295 
----- ---
Y' ~ disrance ! rom borcom fibre o! be am. 
9.78 U.41 
161 143 
205 199 
242 251 
273 299 
300 340 ' 
322 375 
341 401 
114 U9 
153 173 
196 231 
244 291 
296 351 
348 403 
398 446 
141 1.50 
195 209 
249 268 
299 327 
346 381 
385 425 
412 458 
82 93 
122 139 
163 189 
206 242 
249 295 
293 348 
336 395 
72 82 
106 ll8 
143 157 
182 200 
224 246 
269 294 
316 345 
... 
~ 
Crack 
No. 
7 
8 
: 10 
I 
12 
13 
BEAM FA4 • Horizoneal (h) ane Vereical (v) Displaeemenes 
over Cracks (x 105tn. ) 
'( Shear-l<ios 
in. 3 . 21> 4.8<t :J.7U 6.~3 7.34 . 8. 15 8 . 96 9.78 
14 h 270 382 446 499 560 620 681 742 
v 44 68 93 l OS 128 149 173 198 
ll a 194 273 320 354 385 438 478 516 v 39 65 89 100 131 142 166 191 
8 h 105 153 181 177 I 222 228 252 282 v 31 52 63 49 95 83 103 12.2 
14 h 276 392 471 53o I 595 652 734 BOO v 26 30 40 45 l 58 51 79 89 
tl h 182 275 322 380 f 404 455 500 545 v 
-
2 21 35' 42 1 53 65 74 84 
8 h 95 137 168 187 210 236 258 282 v 23 26 39 42 1 51 60 72 84 
I 
14 h 263 417 483 541 i 610 677 742 805 v 5 19 18 21 I 19 21 21 30 
11 h 193 289 336 374 I 418 462 504 548 v 1 7 7 18~ I 10 9 10 14 8 b 89 140 155 205 221 238 259 v 7 12 14 16 I 11 16 20 19 
14 h 268 392 460 516 585 651 720 764 v tO 26 36 46 47 68 75 89 
11 h 208 287 336 371 418 467 510 552 v 18 30 42 49 60 70 82 112 
8 h 1l4 161 191 212 238 266 285 308 
v 10 26 19 42 47 58 86 79 
14 b. 210 347 406 457 511 576 637 692 v 16 54 74 88 107 133 158 180 
ll .... b. 144 231 277 312 331 392 434 473 
v 26 61 77 89 91 131 158 180 
8 h 70 123 149 165 I 189 226 248 272 v 20 42 51 56 62 76 89 96 
Crack Y' 
11.41 No. in. 
841 .5 
256 1.5 
605 
247 
2 . 5 
7 3.5 
4 . 5 
352 5 . 5 
194 6.5 
935 
119 
.5 
1 . 5 
2 . 5 
631 8 3 . 5 
ll6 4 .5 
338 
103 
5.5 
5. 5 
. 5 
934 1.5 
30 2.5 
629 
12 
10 3 . 5 
4.5 
5.5 
291 6. 5 
28 
.s 
906 
117 
1.5 
2.5 
12 3 . 5 
654 4.5 
135 5.5 
376 6.5 
105 
. 5 
1.5 
810 
238 
554 
236 
2.5 
13 3.5 
4.5 
5.5 
6.5 
333 
120 
SEAM FA4 - Compueed Shear Seresses erans~iteed 
eraeks (psi) 
3h a.--k · o 
3. 26 4.89 5.70 6.53 7.34 8.15 8.97 . 
55 55 64 58 62 71 75 
50 64 77 76 82 88 93 
65 74 90 92 102 105 111 
72 84 103 106 123 121 129 
79 96 116 119 143 136 146 
89 109 129 128 163 150 162 
103 125 142 134 182 162 177 
73 23 20 18 22 2 25 
41 18 20 19 25 12 28 
12 15 21 22 28 21 33 
0 14 24 25 33 32 39 
0 L5 30 30 40 44 47 
0 20 39 39 50 57 59 
0 32 54 52 65 74 75 
0 ll 5 0 0 0 0 
0 4 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 2 0 13 l 19 20 
0 8 12 l1 12 26 25 
2 14 22 26 23 33 33 
11 21 32 33 35 41 41 
19 28 39 41 45 4:1 52 
25 36 44 50 56 59 66 
28 45 44 61 67 69 86 
0 29 44 49 69 61 64 
7 48 62 67 78 82 88 
27 68 80 84 89 103 112 
46 88 98 102 100 124 135 
64 107 115 ll8 113 142 155 
83 126 l:ll 134 128 157 171 
102 144 146 147 144 165 180 
9 .78 
77 
97 
117 
136 
L55 
173 
189 
26 
30 
34 
41 
49 
62 
81 
2 
0 
0 
0 
0 
0 
0 
10 
26 
42 
58 
72 
86 
98 
66 
92 
117 
141 
162 
178 
185 
... i 
ll. 41 I 
97 
114 
131 
150 
170 
191 
216 
28 
34 
42 
51 
62 
76 
94 
2 
0 
0 
0 
0 
0 
0 
20 
33 
46 
59 
73 
86 
100 
75 
104 
133 
159 
182 
198 
20 1 
w 
C) 
... 
Crack 
No. 
14 
15 
16 
17 
18 
19 
BEAM FA4 • HorLzoncal (h) and Vercical (v) Displaeemencs 
over Cracks (x L05in.) 
y 
in. 
14 
11 
8 
14 
11 
8 
14 
11 
8 
14 
11 
8 
14 
ll 
J 
8 
14 
Shear-kips 
3.26 4.89 5 . 70 6.53 ' 7.34 8.15 8.98 
b 215 298 376 429 485 545 599 
v 25 'st 72 •91 112. 144 186 
h 145 205 245 278 313 356 394 
v 32 60 88 105 130 159 194 
h 51 77 104 121 136 167 191 
v 20 37 56 68 73 106 131 
h 182 271 322 366 420 476 525 
v 21 67 91 116 136 166 193 
b 116 196 228 256 289 326 357 
v 21 68 91 110 135 166 196 
h 36 79 102 121 143 168 193 
v 28 39 5'9 74 95 ll6 144 
b 30 226 270 308 350 397 445 
v 9 60 77 93 112 144 172 I 
b 18 158 186 214 242 271 303 
v 10 65 84 107 123 151 177 
b 11 62 79 91 111 136 157 
v 4 40 60 70 89 112 130 
b 121 173 214 249 291 331 357 
v 16 35 67 79 98 U 9 126 
b 63 110 152 179 207 238 266 
v 14 28 54 72 95 121 154 
b 13 27 51 64 95 113 138 
v ll 12 35 42 60 83 104 
h 25 67 133 166 214 262 271 
v 3 23 46 60 84 ll4 142 
h 14 35 77 95 126 163 191 
v 7 12 32 47 67 95 128 
b 3 11 19 25 41 66 86 
v 
- l 6 16 18 32 56 72 
h 23 60 79 93 114 152 186 
v 4 4 16 18 26 39 56 
-
* Readings fro:~~ one side of beam only for load 
incremenc 9.78 kips. 
9.78* 
655 
223 
432 
213 
222 
741 
585 
221 
392 
235 
218 
169 
476 
200 
318 
196 
170 
37 
375 
133 
301 
196 
150 
126 
315 
140 
221 
168 
111 
93 
228 
74 
Crack 
U.41 No. 
764 
298 
501 
298 14 
270 
215 
739 
301 
481 15 
341 
298 
255 
590 
268 
385 16 
280 
224 
207 
457 
160 17 
. 340 
280 
219 
192 
448 
214 18 
326 
291 
216 -
202 
301 
140 
BEAM FA4 - Compuced Shear Scresses cransmicced 
cracks (psi) . 
y•* Shear-kios 
in. 3. 26 4.89 5 . 70 6.53 7.34 8.15 8.96 
.5 8 31 31 43 43 63 86 
1.5 29 55 61 7l 78 94 116 
2.5 48 78 91 101 ll2 126 148 
3.5 67 100 121 130 145 159 180 
4.5 I 86 122 152 161 179 192 214 
5.5 l 106 145 183 192 210 227 249 6.5 129 172 215 225 239 262 286 
.5 36 I 7'6 92 112 106 ll2 116 
l. 5 1 37 97 ll4 132 131 140 147 2.5 40 ll7 135 151 156 169 179 
3.5 48 . 135 156 172 182 198 211 
4.5 63 153 178 193 209 228 245 
5 .5 90 172 201 216 238 259 280 
6.s I 142 193 228 244 270 292 317 
.s I - . 75 84 78 94 us 125 1.5 
-
104 113 117 127 148 158 
2.s I * 131 142 153 160 181 192 3.5 
-
158 171 189 193 216 228 
4 .5 
-
185 202 225 228 252 265 
5.5 
-
213 237 263 266 291 304 
6.5 * 246 280 304 3ll 336 346 
.5 35 72 141 123 ll9 123 87 
1.5 43 81 142 138 143 151 137 
2. 5 53 89 145 152 165 178 183 
3.5 67 . 99 151 167 188 205 225 
4.5 85 109 161 183 210 233 264 
5 . 5 ll4 121 177 203 234 262 301 
6.5 164 139 208 232 261 297 336 
.5 0 169 152 137 152 172 209 
1.5 0 166 159 159 174 195 239 
2.5 83 163 168 183 198 219 268 
3.5 160 161 179 207 223 246 295 
4 . 5 226 163 194 233 250 275 322 
5.5 272 169 216 260 281 308 350 
6.5 269 186 253 293 317 348 379 
rl d~el crack formed. 
* 
di.scance from boccom fibre of beam. 
9.78 
97 
127 
158 
190 
223 
256 
290 
108 
146 
186 
226 
267 
307 
345 
140 
174 
209 
244 
281 
319 
356 
47 
176 
192 
248 
297 
340 
379 
~ 
rl 
rl 
304 
358 
404 
436 
U.41 
116 
149 
183 
220 
259 
299 
339 
101 
149 
201 
256 
3ll 
363 
405 
136 
·180 
228 
277 
328 
378 
424 
0 
105 
205 
295 
374 
435 
471 
!J 
rl 
!II 
344 
414 
469 
501 
... 
C) 
... 
304 . 
BEAM CAl - LOAD STAGES AND CRACK DEVELOPMENT 
Load App 1 ied 
Stage Shear 
t-----.,v~----=v:---1 
1 
2 
3 
4 
5 
6 
7 
~ kips ps~ 
1. 63 
3.26 
4 . 89 
6.53 
8 . 16 
9. 80 
11 . 42 
22 
44 
67 
89 
112 
183 
156 
Description of Crack Development 
Flexural cracks formed and extended one or 
two inches into the beam, 
and continued to propagate in a nearly 
vertical direction . 
II 
II 
Dowel cracks formed in both spans of the 
beam . The flexural cracks extended in 
an inclined direction . 
II 
The beam failed just after the strain 
readings had been taken . Failure 
occurred when the last flexural crack in 
the shear span extended right through the 
compression zone. This crack propagation 
was accompanied by an extension of the 
dowel crack right back to the support 
point . 
42" 10 .. 
Gau 
-r-
N 
0 
0 I 0 I 0 
o j o!o o o 
0 I 0 0 I o . I 0 I 0 
0 101010 010 
0 0 0 o 0 0 0 G 0 0 0 0 -- 0 
0 • 0 0 
a·O o o o 1 o - o o 
• ~I _, 
• 0 0 0 
0 0 o I o I o I I 
0 0 o 0 0 o 0 0 ° 0 0 - 0 0 0 
25 23 21 19 · 17 1S n 11 ° 9 1 5 
Reinforcem~nt gauges 
All gauges shown above were located on both sides of beam 
ct. 
, _ 
SE NE 
0 ~~! 
t 0 - I + 
7 7· ' 
\JJ~·fG~ NW sw 
Fig. A.S- BEAM CA1 - LOCATION OF STRAIN GAUGES AND CRACK PATTERNS ON BOTH SIDES 
OF TH.E BEAM 
w 
0 
V1 
Gauge 
No. 1.63 
l 
- 7 
2 5 
3 -14 
4 
- 6 5 
- 7 
'6 
I 
18 
7 5 
8 24 
9 22 
10 I 
' 
32 
I 
ll 
I 
36 
12 48 
13 52 
14 34 
15 l 60 16 63 
17 I 64 18 56 
19 I 36 20* 28 
21* 44 
22 57 
23 2.5 
24 23 
25 ll 
26 16 
27 6 
28 5 
29 
- 7 
* 
BE.'\.'1 CAl - STRAINS IN REINFORC£!-£Nr 
(strain xl06) 
Shear- kios 
3.26 4.89 6.53 . 8 . 16 . 9.80 
6 
- 3 2 22 28 
19 l3 29 70 60 
8 
- 4 26 75 64 
39 19 54 143 95 
43 44 100 266 177 
70 67 143 422 275 
50 66 177 416 319 
90 U3 279 529 413 
97 134 333 585 480 
u s 191 371 615 509 
149 20T 397 667 536 
U4 210 388 642 532 
131 294 444 704 . 568 
123 280 423 708 571 
156 281 453 763 615 
144 275 454 747 • 597 
148 . 266· 438 704 589 
148 260 423 694 578 
107 222 374 6U 495 
2 120 370 642 526 
86 160 324 612 . 476 
101 125 244 603 395 
63 87 207 588 416 
51 74 151 496 317 
32 48 104 377 214 
38 38 67 236 138 
14 15 41 U7 78 
21 14 17 ; 53 43 
15 ll u j 33 23 
. ......, 
U.42 
17 
lll 
145 
337 
510 
628 
520 
640 
694 
733 
774 
749 
817 
820 
879 
847 
795 
672 
728 
788 
762 
724 
822 
818 
842 
760 
755 
583 
256 
Measure~nt on one side of beam only. 
-
Location 
Rcn~ '{ 
1 
3 
a 5 
8 
ll 
1 
3 
b 5 
8 
11 
1 
3 
c 5 
8 
ll 
1 
3 
d 5 
8 
11 
1 
3 
e 5 
8 
ll 
BEAM CAl - CONCRETE STRAINS 
(Strain xt05) 
Shear-kips 
3 . 26 6.53 8.16 9.80 
- .5 - 2 0 - .5 
. - 2 - 4 -2 - 2 .5 
- 1.5 - 2 -1 0 
- 1 -1 1 .5 
_, 
- 2.5 .5 
- .5 
-3 -5 - 3.5 - 6 
- 2 .5 - 4 -2.5 - 5 
-1 - 2.5 - .5 - 2 
- .5 -1 l - .5 
- .5 0 1 l 
-5 . - 8. 5 - 8.5 - 10 
-3.5 - 5.5 -5 - 6 .5 
-2 - 2.5 - 2.5 - 4 
-1.5 - .s .5 - . 5 
l 3 5 2.5 
- 6 - 11 -13 - 14. 5 
-4.5 - 8.5 - 9 -11 
-3 -5 - 4 -5 
- .5 .5 2. 5 3 
. 5 4.5 6.5 14 
-8. 5 -18 .5 -20.5 -26.5 
- 6 - 10.5 - 10 . 5 -14 
-3 . 5 - 4 - 1.5 0 
-1 6 -17 . 5 29.5 
3.5 24 43 59.5 
11.42 
-1.5 
- 3.5 
-3.5 
-2.5 
-4.5 
-5 
- 5 
-4. 5 
-5.5 
- 6 
-14 
- 13 .5 
-12.5 
-7.5 
-10 
-17 
-U 
.5 
49 
88 
- 31 
-3 
16 
30 .5 
63.5 
i 
I 
I 
... 
0 
... 
Loca1:ion 
Row 'i 
1 
2 
f 3 
4 
5 
1 
2' 
g 3 
4 
5 
1 
2 
h 3 
4 
5 
1 
2 
i 3 · 
4 
5 
1 
2 
j 3 
4 
. 5 
. BEAM CA1 - Cqncre1:e S1:rains 
(Strain x1Q5 ) 
Shear-kips 
3.26 . 6.53 8.16 9.80 
- 12 . 5 - 24. 5 -28.5 - 37 
- 7 -13.5 - 13.5 -16.5 
- 3.5 - 2 2.5 . 4.5 
l.S 16 25 30 
4 . 5 30 44.5 55 
-12.5 - 28 -33.5 -41 
-9.5 -16 -18.5 - 21.5 
- 6.5 -3.5 -3 - 3 
1 . 13. 5 18.5 22.5 
4 27.5 41 43.5 
- 12.5 - 26.5 - 30 . 5 - 34.5 
- 10 - 16.5 -17 -23 
- 6. 5 - 5 -3.5 -5 
.5 9 . 5 21.5 21.5 
4.5 21.5 34.5 46 
-7 . 5 - 27 -32 - 40 
- 9 . 5 - 15.5 -17.5 - 21 
-6.5 - 4 - 2 -2 
0 17 22 .25 
6 35 45.5 47.5 
- ll.S -27 -31.5 - 40 
- 8 -14.5 -15.5 - 14 
- 4 -1 4 8 
.5 16 27 35.5 
5 36.5 53.5 67 
11.42 
- 45.5 
-16 . 5 
6 
41 
68 . 5 
-50 
-25 
-3.5 
28 
53.5 
-48.5 
- 27.5 
0 
26.5 
52 
_.___ ___ --- ----
Loca1:ion 
Row y 
1 
3 
k 5 
8 
ll 
1 
3 
1 5 
.. 8 
ll 
1 
3 
m 5 
8 
ll 
1 
3 
n 5 
8 
ll 
1 
3 
0 5 
I 
8 
ll 
BEAM CAl · - Concre1:e Strains 
· (S1:rain x105 ) 
Shear-kiDs 
3.26 6.53 8.16 
-10 - 17.5 -23 
- 5 .5 -9.5 -9 
- 3.5 - 3.5 2.5 
-...S 
- .5 17 
4 1.5 - 2 
-6 -ll.5 - ll.S 
... s 
-7.5 - 7.5 
-3 -3.5 -3.5 
-1 2 - .5 
2; s 12.5 42.5 
-
-4. 5 -7.5 -7 
-4 - 6.5 - 6 
- 2.5 - 3. 5 -3.5 
,-1.5 
-1 -1. 5 
- .5 2.? 2 
-2 -3.5 -2 
- 1 -1.5 -1 
-1 -1 0 
-1. 
- .5 .5 
- 2 .5 2.5 
- 1.5 -1 0 
- 1.5 - 1.5 - 1.5 
- 2 -1. 5 0 
- 1.5 - 3 . 5 1 
-2 - 1 .5 
--'--
9.80 
-27 
-10 
12 
42.5 
- 4 
-12.5 
- 10 
-8 
- 6 
77 
-8.5 
-6.5 
-6 
- 4. 5 
- 2 
- 3 
-2.5 
- 2 
- 2.5 
- .5 
- l.S 
- 1.5 
- 2 
-1 
- . • 5 
: 
w 
0 
... 
308 . 
BEAM SCl - LOAD STAGES AND CRACK DEVELOPMENT 
Load Applied Description of Crack Development 
Stage t----::-::-S;;;.;h:;.:;.y;.e..;;;a.;:;;;r_--t 
v vn 
kips psi 
·~-----+-----------------------------------------------~ 
1 
2 
3 
4 
5 
6 
7 
8 
1.63 
3 . 26 
5 . 70 
6 . 53 
7 . 34 
26 
52 
78 
91 
104 
116 
104 
116 
Cracks extended to near the tops of the 
crack initiators ~ 
and flexural cracks formed in the centre 
of the beam. 
The initiated cracks extended for a short 
distance into the compr ess ion zone , and 
short dowel cracks formed . 
The East span of the beam failed when 
the init iated crack extended to the load 
point, and the dowel crack extended to 
t he support point . The span was 
repaired with clamp-on stirrups. 
The West span of the beam failed in a 
similar manner to the East span. 
Gauge row- J b 
crack 
initiator 
NE 
6 
sw 
o 1 oo--o I o I o 1<> 'TioTo 
g g 1 g lgl ~ , ~ ~ ~ 1gl g ojo ooooooo 
glgvoloJoJo lo 1 oto 
~ ~ ~ 
o I o · ~cra~k initiator G 0 0 - ---- k I G 0 0 
All gauges shown above were located on both spans 
both spans of the beam 
~ 5~ 
·. ~ 5 \5 
NW . 
SE 
Fig.A.S - BEAM SC1 -THE LOCATION OF STRAIN GAUGES AND THE CRACK PATTERNS ON BOTH SIDES 
OF THE BEAM 
w 
0 
CD 
BEAH SC1 - EAST SPAN - CONCRETE STRAI$ 
(Strain x10 ) 
Locat ion Shea - kiPS _j 
Row '{ 1.63 · 3.26 4.89 5 . 70 6.53 , 
.5 - .6 -3. 3 -5.8 • - 5.3 - 4. 2 I 
1.5 - .1 .4 -3.3 -5. 2 - 5.3 
2.5 .5 .2 - 1.0 - . 9 - .7 
3 .5 .2 .1 -2.3 -4.6 -5.3 
a 4 .5 1.9 -1.8 -2.0 -2.5 -1.4 
5.5 - .2 -1. 8 -4. 3 -4.3 -4.2 
2" 6.5 1.0 .6 .7 - 2.1 - .7 
gauge 7.5 1.7 1.4 .6 - 1.2 .4 
8 .5 -1.4 - .4 -2. 6 ·-3 . 0 -3.1 
1 9 .5 .7 .4 -1.4 - 2. 2 - 3.0 
I 
.5 ~4 .4 
b 1.5 -3.4 
2 .5 -3.1 
4" 3 .5 -4.1 I gauge 4.5 - 3.4 
i . 5 - 3.9 -7. 3 -10 . 8 -13.5 - 12 . 4 
I 
c 1.5 - 2.5 - 4.8 - 8 . 8 - 10 .9 - 13.0 
2.5 - 1.8 -3.3 - 6.1 - 7.6 - 7.6 
2" 3 . 5 -2.3 - 2.6 - 3.7 - 6.7 - 7 . 6 
I gauge 4. 5 - . 4 -l. 6 - 3. 3 - 5 • 7 . - 8 . 8 
I .5 -18.7 - 19 . 2 
d 1.5 -13.9 -13 .. 6 
2 . 5 - 8.6 - 12.0 
, 2" 3.5 - 4.9 - 5.4 
gauge 4.5 6.2 24 . 3 
.5 -22. 3 - 29 .6 
e 1.5 -19.2 -25.0 
2.5 -11. 3 -16. 2 
2" 3.5 - 4.3 .6 
gauge 4. 5 - 4. 7 - 7. 5 
I .5 -23.1 f 1.5 -15.7 2.5 I -14 .2 1 2" 3.5 -7.6 
1 gauge 4.5 j - 6.3· 
Location 
Row Y* 
. 5 
1.5 
2 . 5 
3.5 
a 4.5 
5. 5 
2" 6.5 
gauge 7.5 
8 . 5 
9 . 5 
.5 
b 1.5 
2.5 · 
4" 3.5 
gauge 4.5 
.5 
c 1. 5 
2.5 
2" 3.5 
gauge 4.5 
.5 
d 1.5 . 
2.5 
2" 3.5 
gauge 4.5 
.5 
e 1.5 
2.5 
2" 3.5 
gauge 4.5 
.5 
f 1.5 
2.5 . 
2" 3.5 
gauge 4 . 5 
1.63 
-2.8 
-1.5 
-2.1 
-3.0 
-5 .1 
-2.1 
- 1.0 
1.4 
1.0 
. 2 
- 4 . 6 
-3.2 
-2 .5 
- .6 
- . 8 
BEA..'f SC1 - WEST SPAN - CONCREIT STRAI NS 
(Str ain xl05) · 
Shear- kips 
3.26 4.89 5.70 1 6. 53 I 7.34 
-4. 8 -6.2 - 6.0 - 5.3 -r 
- 2.8 - 4 .0 - 5.0 -5. 3 
-2.8 -4.5 - 5.2 - 5. 1 
-4.0 -3.8 - 5.8 -5 .7 
-6 .1 -7.2 - 8.9 - 8.2 
-2 . 2 - 4.3 -7 .4 -5.2 
- 2.1 -2.2 - 2.8 -4. 0 
- .8 - 1.0 .l - 1. 0 
- .4 
- .1 -1.1 -2. 0 
- .6 - 1.1 -2.5 - 3.3 
- 6.7 
- 5 .0 
-4. 5 
-4. 0 
-2.3 
- 7 . 4 - 12.7 -13.0 -12.3 
-5.8 -9.2 - 9 . 0 - 9.1 
-3.3 -4.8 - 5 .1 - 5.1 
-1.5 -2.2 - 3.6 -5.1 
- . 6 - 2.9 -4.2 - 5.8 
- 14.0 -15.6 
-12. 5 -11.7 
- 10.1 -ll.5 
- 5 .3 - 9.8 
12.2 25.3 
-20 .7 -25:8 
- 17.5 - 20 . 0 
- 8.9 -10 . 4 
- 3.8 1.5 
- 4.7 - 8.2 
-23.2 
- 15.9 
- 7.9 
- 6.1 
- 4 .6 1 
6.53 
1 - 4 . o 1_, • 
-5.8 
- 5 .2 
-8.6 
-5.2 
- 3.0 
- . 9 
-1.3 
-4.3 
- 5 .4 
- 4.7 
- 5 .3 
-6.4 
-4.2 
-8. 1 
- 6. 3 
-6.8 
-8.4 
- 11.2 
-10 . 8 
- ll. O 
-10 . 3 
40 . 0 
- 25 . 2 
- 19 . 2 
- 8 . 1 
10.0 
- 8.4 
-30.0 
-18.6 
-10.0 
- 7. 8 
* = Distance below top surface of be~ in inches 
~ 
0 
Coned. BEAM SC1 - East Span • Concrete Strains 
(Strain x105) 
Location Shear-kios 
Row y 1.63 3.26. 4.89 5 . 70 6.53 
.5 -22.9 
IS 1.5 -18.7 
2.5 -13.9 
2" 3.5 -10.3 
gauge 4.5 - 4.1 
. 5 -11.3 -19.2 -23.7 -27.1. 
h 1.5 - 8.4 - 15.2 -19.3 -23.4 
2.5 - 7 . 9 -15.4 - 1.7 .0 - 1.7.3 
2" 3.5 - 6.8 -10.9 -10.0 - ll.5 
gauge 4.5 - 5.1 - 7.3 - 8.4 - 6.1 
.5 -30 . 4 -33:9 
i 1..5 - 24.4 -26 . 7 
2.5 - 1.8. 7 - 21.1 
4" 3.5 -12. 5 - 14.7 
gauge 4.5 - 8.0 - 7.6 
.5 - 29.8 
j 1.5 -23.8 
2.5 - 19.0 
4" 3.5 -11.2 
gauge 4.5 - 5.6 
-----
BEAM SCl - EAST SPA.L'I - lo£ASUREMENl'S OVER INITIATED AND 
DOWEL CRACKS - MOVEMENT (l.x 10-Sin.) 
Location Shear-kins 
Crack X 1.63 3.26 4.89 5.70 6.53 
Dowel l - 4.0 10.~ 39.7 79.9 148.9 
" ~~ 10.4 . 31.2 73.9 .. 
- 6.2 - 3.0 10.4 
" 
5 
- 4.9 - 2.5 - 2.0 
Initiated 
Horiz.** 17.6 50.2 92.5 119 163 
Vert. 4.5 27 83 143 242 
. 
** Displacement over crack. Values computed from 
diagonal and vertical gauge =easurements. The 
dowel crack was assumed 1:0 open with no horizontal · 
eamponent of movement. · 
' 
Coned. BEAM SC.1 • West Span - Concrete Strains 
(Strain xt05) 
Location She. - kins 
Row 
g 
2" 
gauge 
h 
2" 
gauge 
i 
4" 
gauge 
j 
4" 
gauge 
y 1.63 3.26 4.89 5.70 6.53 7.34 6.53 
.5 - 20.5 
1.5 -16.4 -21.2 
2.5 -10.7 -11.7 
3.5 - 7.8 - 7.3 
4.5 -· 5.3 - 4.1 
.5- -13.5 -20.5 -24.8 -30.9 -30.9 
1.5 - 8.2 -13 . 6 -15.5 -20 . 4 - 18.4 
2.5 
3.5 - 6.1 . - 8.2 - 10.8 -12.7 . - 9.5 1 
4.5 - 1.1 
-
.4 
- 3.0 - 6.8 - 3.7 
.5 -26.9 -32.5 -n.3 
1.5 -23.1 -27.8 -28.1 
2.5 - 19.1 - 23.4 -22.3 
3.5 - 13.4 - 15.9 -16.1 
4 . 5 - 8.7 - 9.7 - 7.5 
.5 -31.7 - 45.1 
1.5 -24.0 -30.9 
2.5 -17.3· -22.1 
3.5 -12.1. -14. 9 
4.5 - 7.1 - 8.4 
BEAM SC1 - WEST SPAN - MEASURE!-ENTS OVER INITIATED Al'ID 
DOWEL CRACKS - MOVEMENl' (x 105 in.) 
Location • Shear-kios 
crack X* 1.63 3.26 4.89 5.70 6.53 7.34 6.53 
. 
D.owe1 1 21.4 40.6 63.5 113.6 . 200 .5 i 
.. 2 
" 3~ - 9.9 - 2.0 16.6 '29.0 
" 
5 - 1.2 - .2 - . 5 3.1 
Initiated 
12.9 22.6 49.8 108.0 I 
Horiz. 60.5 92.5 116.1 159.5 189.0 I 
Vert • ______ 3_1_._1_ , 79.9 _ 116_.~ _ _!~.2 __ 3U.O 
* Distance from initiated crack in inches 
~ 
BEAM SC2 - LOAD STAGES AND CRACK DEVELOPMENT ~----~--~==~~~==~==~======--~~~==~====~---------
Load 
Stage 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Applied 
Shear 
v v n 
kips psi 
1.63 26 
3 . 26 52 
4. 07 65 
4. 89 77 
5 . 70 91 
6 . 53 104 
7. 34 117 
8.15 129 
9 . 78 155 
11.41 181 
Description of Crack Development 
Cracks extended to near the tops of the 
crack initiators . 
Short dowel cracks formed from the 
initiated cracks . 
The initiated cracks extended 3 to 4 in. 
into the compression zone and the dowel 
cracks ext ended . 
In the West span the cracks extended, so 
that a continuous crack existed from the 
load point to within 7 in. of the support 
point . 
The initiated crack in the East span 
propagated to a similar length as the 
equivalent crack in the West span. 
A crack formed on the top surface o ." the 
beam in the West span . 
The beam failed when a new diagonal crack 
formed in the compression zone of the 
West span . 
~-----L-------~··------~------------------------------------------------
Gauge row - j i h g t e d ~ b 
l I : 1 l I I I 
crack 
~initiator 
0 0 
, ~'· 
~w 
' 
SE 
I 
" 1 oTo-'~l o To I o 1 o Te 
1
- o 
~ ~ : g 1 ~ ~ l g ~ ~ g g 
o
1
o l o l o 1o l o o [ o l o l o l o 
0 0 ' 010 0 0 1 0 0 0 0 0 
o o o o l lo o[o l olo l o 
0 010 0 
o j o o[ 
v 0 1 0 I 0 I 0 I 0 I 0 
o , o I 0 0 
0 I 0 I E) I 
k l m n 
~· c·rack . P 000~~ ~ _o _ 0 r:r.~o 0 0 
initiator 
All gauges shown above were located on both spans 
both sides ot the beam 
s2 
8 
fr 6 ~:+ ," 54+ 
z 
:t:F 
NE 
SW 
Fig.A.7- BEAM SC2- THE LOCATION OF STRAIN GAUGES AND THE CRACK PATTERNS ON BOTH SIDES 
OF THE BEAM 
w 
..... 
w 
Lo::-a:t i O'"l 
Rov '{ 
. 5 
a l. :S 
2. 5 
2" 3.5 
s auge 4.5 
5.5 
6.5 
7.5 
' 
8.5 
i 9 . 5 
I 10 . 5 
I 
.5 I b 1.5 
: 2.5 2" 3.5 l gause 4 .5 5.5 I 6 .5 I 7.5 I 8.5 
. 5 
c 1.5 
2 .5 
2" 3 .5 
gause 4 . 5 
5 . 5 
6 . 5 
. 5 
d 1.5 
2 . 5 
2" 3 . 5 
gause 4 .5 
5 .5* 
e .s 
2" 1.5 
gauge 2 . 5 
3.26 
- 6. 6 
-4.7 
-4.8 
-5.0 
- 3.8 
BEAM SC2 - EAST SPAN - COliCR.Er:: STRAINS 
(St:uin xtO ) 
Shear- kios 
4.()7 4.89 -s-./cr 6~53 7. 34 
- 7.2 -7.2 -13. 3 -13.0 
- 5 .0 -7.3 - 11.2 -11.0 
-4 .5 - 5 . 2 - 8 . 1 - 9. 9 
- 3.8 -5 . 5 -ll. 7 -12.8 
-3.2 - 4 .5 - 8 . 8 - 9 . 5 
-1.5. 
-1.6 - 2 . 2 - 7 . 6 -10. 8 
- 1.0 .4 -2.4 - 6 . 3 - 7.4 
l.O .4 -1. 2 - 5 . 1 - 6 . 1 
0 1.1 1.7 
- l. 7 - 2. 1 
- . 7 - 1.4 - .9 
- 3.1 - 3. 8. 
1.9 2.3 2.0 
- 2.1 
-
.6 
- 5 .6 -9 . 4 -11.0 
- 6.1 -9 . 3 -1·2. 6 
-4.5 
-5.8 -10.7 
- 2.4 
-5.5 -10.8 
- 3 .5 
-4.8 -11.9 
0 - . 5 - 6.6 
0 -1. 4 - 5.9 
1.1 . 6 - 3.1 
-1.5 -3. 0 - 7.4 
- 8 . 3 
-10.5 -15.1 
- 10 . 9 
-10.8 -14.8 
- 5.5 - 5.6 
- 11.2 
- 3 . 8 - 4 . 6 - 9. 7 
.1 
-
. 6 - 6.7 
- 3.5 - 4.5 -10 . 8 
-
.7 
-
. 2 
- 5.7 
- 10 . 9 -15 . 5 - 16. 7 -22.7 
- 21.5 
- 6 .2 - 8 . 1 - 8.4 -12 . 6 -17.2 
- 7. 2 - 7.3 - 8.5 -13.5 - 11.4 
- 4.6 - 4. 0 - 4.7 - 9 .5 - 15 .7 
- 1.6 - 2.3 
- 2.6 - 8 .3 -14.8 
2 . 6 9 . 5 30. 1 
- 12 . 8 -18.6 ~23.7 
- 23 . 7 
- 10.9 -14.9 - 20 . 5 - 20 .4 
- 6 . 8 - 7 . 2 - 13.5 - 19. 7 
* 4'' gauge used over erac:k - spans rows d and e 
8. 15 9.78 
-9.3 
- 10.9 
- 8.6 
- 9 . 9 
- 9 . 9 
- 9 .2 
- 6 . 9 
- 8 .4 
- 4.7 
- 4.0 
- 1.5 
- 4.5 
- 9 .9 
-10 . 9 
- 14 . 0 
-13.9 
- 7 . 8 
- 8 . 4 
- 4 . 6 
- 9 . 1 
- 4 . 5 
-12.4 
-13. 3 
-15.1 
-15.4 
- 20 .1 
-10 . 2 
7.7 
-11.4 
-18 . 8 
-26 .9 
-28.0 
106.4 
-13.4 -10.3 
- 1.5. 2 -18.4 
- 22. 4 - 31. 6 
Locatio:~ 
Rot.t '{ 
. 5 
a 1.5 
2. 5 
2" 3.5 
gauge 4.5 
5. 5 
6 . 5 
7.5 
8.5 
9 . 5 
I 10.5 
I 
. 5 
b 1.5 
2.5 
2" 3.5 
gauge 4. 5 
5.5 
6.5 
1 .5· 
8.5 
. 5 
c 1.5 
2 . 5 
2" 3.5 
gauge 4.5 
5.5 
6.5 
. 5 
d 1.5 
2 . 5 
2" 3.5 
gauge 4.5 
5 .5* 
e .5 
2" 1.5 
lt11Ul2:.e2 .5 
BEA."( SC2 - WEST SPAN - CONCRETE STRAINS 
(Str ain x105) 
Shear-k .os 
3. 26 4 .07 4. 89 5.70 6.53 7.34 
-4.4 -5 . 8 -7.2 - 11 . 3 - 11.4 
-3.8 -3.1 -.4.5 - 7.4 - 9 .1 
-1.0 2.8 2.2 - 7.3 - 6 .1 
-4.0 -4.5 - 6.1 - 7.2 - 9 .7 
- . 4 0 - 1.7 - 6 .1 - 5 . 2 
-1.6 - 2.0 - 2.0 - 5.5 - 6 . 8 
-2.4 
-1. 8 - 2.5 - 6 .4 - 5. 5 
- . 7 -1.1 -2.6 - 4 .3 - 6. 3 
.9 .9 .2 - 2 .4 
- 2. 6 
0 
- .1 .2 - 2 .6 - 2. 7 
. 1 .9 . • 5 - 3 .3 - 5 . 8 
-7.2 - 8.9 -12.9 
-6.4 -7.6 - 12. 5 
-6.2 -7.4 - 13.1 
-3. 6 -5 . 2 - 8.7 
-1. 7 --5.5 - 8. 8 
-2. 8 - 2.5 - 7. 6 
0 -1.0 - 5. 2 
- . 2 - • 7 - 4 . 3 
1. 5 .7 - 3.0 
-9 . 5 - 14 . 3 -15.6 
-6.3 -10.1 ."-14.1 
-5 . 1 - 2 . 5 -14 . 5 
- 3.8 - 6 .4 -12.3 
- 1.9 - 3 . 5 - 9.2 
- . 9 - 2 . 4 - 8.3 
-1. 5 - 2. 4 - 8. 8 
- 11.3 -13. 8 -14.6 -20 . 8 -18.7 
- 8 .7 - 10.2 -11. 7 -17.4 -17.1 
- 7.2 - 8 . 8 - 9.3 -12 . 5 -17.5 
- 4.0 - 6 .3 - 5. 9 - 9 . 9 -15. 8 
- 3.2 - 4 . 6 
- 6.1 - 9. 7 -14.4 
3 .4 9.4 27 .3 
-13.5 -20.0 -26 . 4 -24.4 14.0 
- 7.9 -14.2 -17.4 -17.6 - 13.0 
- 5.2 - 9.9 -13.3 -15.9 - 27.2 
a. 1s 
-9.2 
-7.3 
-5. 8 
-11.7 
- 8.2 
- 12. 7 
- 7.3 
-ll.8 
- 9.7 
- 8.3 
- 9 . 3 
- 4.3 
- 6.6 
- 11.2 
-10.8 
-12.9 
-13.6 
-12. 2 
- 10 . 2 
- 6.8 
- 2.2 
- 9 .9 
-15.0 
-19.5 
-21.0 
- 17.0 
- 13.1 
-13 . 0 
-ll.O 
. - 24.4 
- 32 .5 
- 48.5 
147.5 
47.6 
-
.6 
- 31.5 
* 4" gauge used over crack - spans rOW's d a:~d e 
9.78 
80 . 6 
- 1.5 
-43.6 
... 
~ 
Location 
Row '{ 
e 3. 5 
4 . 5 
. 5 
f 1.5 
2. 5 
2" 3. 5 
gauge 4. 5 
I 5.5 
I .5 g 1.5 
2. 5 
2" 3 . 5 
gauge 4.5 
5 . 5 
.5 
h 1.5 
2. 5 
2" 3. 5 
gauge 4.5 
5 . 5 
.5 
i 1.5 
2. 5 
2" 3. 5 
gauge 4.5 
5 . 5 
.5 
j 1. 5 
2. 5 
2" 3 .5 
gauge 4.5 
5.5 
Contd. BEAM SC2 - East Span - C~ncrete Strai ns 
(Strain x105) 
Shear-ki ps 
3 . :to 4.07 4 . 89 5.70 6.53 7. 34 
- 4 . 8 - 4 . 8 - 12 .4 - 17 . 6 
- 1.4 7. 4 37.3 76. 5 
- 16 .4 - 22.6 -34. 2 -33.7 
-11 .8 - 16 .2 -25 . 6 - 26. 8 
- 6.6 - 10. 4 -17. 1 - 21.4 
- 5. 9 - 6. 9 - 5. 3 - 16 . 6 
- 2.5 - 4 . 6 - 13.9 - 20 .9 
- 3. 6 - 3 . 8 - 11.4 - 13. 7 
- 13 . 5 - 22 . 4 - 40 . 3 - 45.0 
-11. 5 - 17.5 - 28 . 8 -42. 5 
-10.9 - 13.9 - 19.3 - 22 .9 
- 6.9 - 7. 1 - 2. 1 32 .4 
- 2. 7 - 3 . !. -10. 9 -13.0 
- 2 .0 - 2.1. - 7.6 - 10 . 9 
- 15 . 5 -17 .o - 23 . 2 -40.7 - 55 . 0 
- 14 . 3 -15 . 8 -20 . 2 -32.4 - 36 . 7 
- 12.4 - 9 . 4 - 15 . 0 - 23 . 8 -15. 4 
- 10 . 8 - 9 . 0 -12 . 2 - 16 . 9 - 22 . 3 
- 7 .2 - 5.8 - 7. 8 - 10 . 5 - 13 . 6 
- 2. 5 - 1.3 - 1.4 . - 3.2 - 4.5 
-17 .6 - 27 .1 - 46 . 5 
-14.7 - 21.6 - 32 . 9 
- 11.5 - 16 . 2 - 23. 9 
- 7.2 - 7 . 4 -14. 2 
- 3.6 - 4 . 3 - 8.3 
- 3.8 - 3 . 6 - 5 . 3 
-14. 1 -23.3 - 39 . 5 
- 7.4 - 14.1 -26 . 0 
- 8 .4 - 12. 8 - 19 . 1 
- 3 . 2 - 4 .1 - 8 . 8 
- 2.2 - 4 . 6 - 2.8 
- 1 .9 
-
. 2 5 . 3 
I 
8 . 15 9.78 1 
- 33.2 -47.1 
184. 2 249 .5 
- 20 .1 -14.9 
-26 .1 - 28.1 
- 30 . 1 - 45.0 
-37 . 8 -56. 6 
- 22 . 2 - 23.9 
- 15.2 -14. 6 
-29. 6 
- 31. 1 
-37 . 7 
155 . 7 
- 11 . 9 
- 6.2 
-56 .0 
- 45. 9 
- 40 . 0 
- 20 . 4 
- 12 . 8 
- 5 . 3 
-102 .0 
- 23 .1 
98.8 
- 10 .7 
- 9 .8 
- 2.2 
- U l. 9 - 159 . 3 
- 18 . 0 - 16.1 
- 10.9 -13.3 
-
1.9 
-
.7 
2.5 3.8 
12.3 17.0 
Contd . :SEA."! SC2 - Uest Span - Conc:ret:e St:::-ains 
(St: r a i n x105) 
Loca tion ShPar-lr tn" r 
Ro"' y 3. 26 4 . 07 4 . 89 5.70 5.53 J 7.34 I 8. 15 ' 9 , 73 I 
e 3 .5 - 7 . 4 - 8 . 4 - 12 . 5 
- 20 . 41 - 35 . : ' - 73 . 2 1 - 94 .0 ! 4 .5 3 . 1 10 . 0 13. 4 41. 3 163 . 6 26 . 5 375. 0 1 
i 
I 
.5 - 13.3 -22. 1 - 29 . 2 -30 . 8 -10 . 5 13. 1 I 33 . 9 
f 1.5 - 13.0 - 20 . 8 - 27. 2 - 30 . 1 I - 28.7 -19. 1 I -19 . 3 
2. 5 - 9 . 3 - 13.7 - 16 .6 -20 .8 1 - 40 . 0 -51. 6 , - 66.5 1 
2" 3. 5 - 4.5 - 4.3 - 8.1 - 2.8 I 28 .6 63 . 0 I 88 . 6 
gauge 4 .5 1.5 1.2 - 1.4 4.8, 3 .5 - 5 . 7 . - 7.3 1 5.5 - 3. 1 - 4.1 - 6 .4 _ a.1 _ 8 . 8 _ s . 2 I s.9 
.5 - 16.6 - 24.8 i - 43. 9 1 - 26.7 _ 8. 2 
g 1.5 -13. 1 -20.8 
- 31.0 -38 . 3 - 41.0 I 
2. 5 - 7. 6 - 12.1 -18 . 0 I -52 .5 - 72.0 
2" 3. 5 - 5.9 - 9 . 0 _ 8.6 83. 0 156 .5 I 
gauge 4 .5 - 2. 9 - 4 . 8 -10 . 0 - 9 .4 
5 .5 - 3 . 6 - 3 .2 - 7. 8 - 8 . 8 - 6.2 
I 
. 5 -15 . 5 -18. 8 - 24. 2 - 45 .7 - 44 . 9 -45. 2 
h 1.5 -14 . 7 -17. 6 - 22.0 - 36. 2 -49 . 5 - 63 . 0 
i n 2.5 - 9 . 2 -u.s -14 . 4 - 20 . 0 97. 4 203. 0 3.5 - 7 . 6 - 9 . 2 -U.O - 15 . 2 -15 . 3 -14 . 6 1 
gauge 4 .5 
- 5.5 - 6. 4 - 6 .2 - 12. 8 -10 . 9 - 12 . 9 1 
5.5 - 3.8 - 3 . 7 - 3.5 - 6. 8 I - s.o - 2. 7 ! 
I 
.5 -15. 6 - 28 . 8 - 48 . 4 -78.4 
- 101.0 j 
i 1.5 -13.6 - 22. 2 - 36 . 0 -46.6 -62.0 
2 .5 - 11 . 0 -17.6 - 26. 9 - 21.0 - 22.2 
2" 3.5 - 6.6 - 12.2 - 14.1. - 12 .2 - 9 .9 
gauge 4 .5 
- 7.1 - 5.9 - 8 . 1 - 8.4 
-
.7 
5.5 - 2. 8 - 2 . 2 1. 2 .4 5. 5 
. 5 - 14 . 4 - 25 . 2 - 34.8 - 40 .4 - 94.1 - 129 . 7 -172 .9 
j 1. 5 - 1.1.4 - 17 .s - 25.4 - 27.5 9 . 9 39 .9 64.5 ,_, r ,_, -u.s - 17.0 - 20. 3 - 17 . 1 - 12.8 - 16.6 
2" 3.5 - 4.8 - 7. 4 - 12. 4 - 12.1 - 12. 1 
-
7.5 
- 11.3 
gauge 4 .5 - 3. 8 - 3.5 - 6.2 - 4 . 5 - 3 .1 1. 2 2. 0 
5.5 - 1.6 
-
.1 
- 2. 1 - 1. 1 .6 1.7 t.O 
... 
.,. 
BEAM SC2 - ::: . ;.sr SPAN - GAUGE l1E: . ..SURE}ENTS FROH TENS lO:'< Z•)NE ~ - - ~- - . - - -
Location I Sh,..ar- kios 
R= '{ 5.25 1 4 . 07 4 . 89 I 5.70 I 6.53 I 7.34 8 . 15 
E:<tensi.o::t over gauge x l05in . 
k s.~ 6S . s ! 142.4 I 222.0 I 684.a 
12.0 30 . 0 90 .0 154.4 25~ . 0 
1 s. 5 6 . v 3 . 6 I - . 8 20 . 4 
12.0 18. :> 13.6 . 4 - 8. s 
m 8.5 11. 5 28.4 35. 6 47.6 
12.0 l64.0 123 . 6 213.2 351.6 I 
n 8.5 1S. :i I 32.0 I 68.f• 100 . 8 
, _ _ _ _ 12_.0 5~·_.!._ _ ~60.0 239 .2 I 2S5.2 
0 =''!:1i:-: : of i:tit iat""C c:-ac': - hotizonte1 anc vertical 
Hor iz.l2.0 ~ 8E.O 
Vert. 12. (' ~ 70 . 0 
X" 1 
0 .5 i 24 .0 
1.5 : 3.0 
3.0 i 0 
5 .0' -4.5 
tO::>in.) 
u en~n~ ~f ~owel ~rack x l U- in. 
23. 0 51. 4 86.6 1 2.5 
4 . 5 16.4 35 . 5 l 8 .0 
- 5.7 0 1.5 7.0 
- 3.2 - 3.~ - 11. 3 
-
1.0 
491 
320 
139 
5 
1·11~8 . 8 ~420 . 0 
2040 
1640 
1053 
500 
StraL~s on inclL~uc gauges near L~itiatcc cr ack ( x 105) 
p .5 - 2. 2 - 3.0 - S.6 
- 9. 2 I - ) .5 1.5 - .4 - l.:l - 2. 8 - 3.6 - 3.0 
2.5 . 4 1.2 2.0 2.2 4.8 
3.5 . 6 2 . 3 4.2 5.4 1 1o .6 
3EAH SC2 - 1>7-:ST SP.•J-1 - G.MiGE X::.!.3URE~Zl'."TS E·Y·: TE:i~: )~ 
Loc~ rior .. ___ 3hea::--ki2§__ _ .. .. 
1 
__ _ _j 
3. 26 ~ . J7 4.S'Jl 5.70 1 5 . 53! '~~ ·. ~ .: '5 1 
~ow y :.:xtt;!l3i=> "1 o· .. "'!'~ ~ ~-~£.e x 1-:, - ..-: _..:.·..,---- -1 
k 
m 
n 
0 
8.5 
12. 0 
8 . 5 
12. 0 
0? 4 2s:o 
. 4 
52.4 
143 . 6 
47.6 
10.8 
44.4 
27~ ' ., ' -- . 6~ :~ ~~~ : ~ 
s. s 1 57.:! 
1 150.0 1 1 24? . 5 
8 . 5 
12. 0 64 . 3 131.2 203. 8 278 .0 : 
14 . 0 1~.2 I - 3.6l - lS . ') 
8. s 12 . 3 79 . 2 141 • 2 201 . s I 
12. 0 2.S - 10.0 - 31.2 -·--· . - 43 . 3 j 
vpenin~ o~ che . initiated crack 
x• 
,j~32 . 8 l.S 8 . 9 
3. 0 1.2 
5 . 0 6 . 4 
·.)pe:1in of dowe 1 crack x 105 in. 
21 . 1 39.8 61.2 204.5 2550 . ~1!0 
2 .0 7.9 10 . 4 84 . 3 1'950. 3610 
7.7 - 3.2 - 9 . 2 - 2 . 7 1230 . 25~0 
,;:;u- -;; T'-;:-'H[' 0 34?~~ 00;~;;-.- -~~50 J 
...._ ___ ...__ _ ..__ __ ..___ ·-- -·--- -··---· --
p . 5 
1.5 
2.5 
3.5 
-1.6 
- 1.2 
- . 6 
- . 6 
StraL~s on L~clined g~uses n~ar initiated 
crack (x lO ) 
- 1. 8 -5.6 -8. 8 
-1. 4 
- 3.4 
-4."" 
. 6 
- .2 - . 4 
2.0 4.2 4.8 
* 
Distance fro~ initiated crack L~ inches 
-8. 
' -~ . 
3. 
.., 
... 
317 . 
BEAM SC3 "' LOAD STAGES AND CRACK DEVELOPMENT ~--~. --~~==~~~~~~====================~--------Load Applied 
Stage~---S~h~e~a=r~~ 
V vn 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
kips psi 
1 . 6-3 
i . 26 
4. 89 
6 . 53 
8 . 15 
9 . 78 
1L4l 
12 . 90 
13 . 06 
14 . 67 
15 . 85 
26 
52 
76 
104 
129 
155 
181 
205 
207 
233 
252 
Description of Crack Development 
Flexural cracks formed, 
and extended towards the tops of the 
initiators . 
II 
" 
It 
Short dowel cracks developed. 
It 
The West span of the beam failed when 
the last initiated flexural crack in 
the span extended through the compression 
zone , and the dowel crack extended back 
to the support . The span was repaired 
with clamp-on stirrups. 
The dowel crack s in the East span of the 
beam extended. 
II 
· The East span failed in a similar manner 
to the West span . 
0 0 
Gaug~ row 
crack 
initiator 
J 1 hgf~dc b 
I I I I I ' 
I I I ' I I 
o I olo o o Gl "'olo 
o o l olololo l o 1olo I o 1 
o 1 o e l o j G> l o l o l o o o I 
0 0 0 1 0 0 0 0 O j O I 0 0 k ... 
0 I o l o o ( J-1"'o l o l o 0 0 I 0 ~~ crac Initiator 
o , o 1 o 1.0"o 1 o 1 __, l o 11 o r o I o 
( 
I o 
I 
o 1 l o 
I 
k l m· n o p · q 1 2 · 3 4 
All gauges shown above were located on both spans 
both sides of the beam. · 
NE 
sw 
s 
NW 
SE 
Fig.A.S- BEAM SC3 -THE LOCATION OF STRAIN GAUGES AND THE CRACK PATTERNS ON BOTH SIDES 
O.F THE BEAM 
w 
-CD 
I 
i 
I 
I 
I 
BEAM SC3 - EAST SPAN - CONCRETE STRAINS 
(Strain x10 ) 
Location Shear-kit>s 
Row y 4.89 6.53 8.15 9 . 78 ll.41 13.06 
.so -S.2 - 7. 4 -9.0 - 11.9 -12.7 -13.6 
a 1.75 - 2.9 -6.2 - 6.4 - 8.8 - 9 . 7 -10.9 
3.00 - 2.1 -3.9 - 3.6 - S.5 - 6.1 - 8 . 0 
4" 4.2S - .8 -1.9 -1.9 - 3 . 7 - 3.6 - 6. 4 
gauge s.so· .6 
- . 2 .3 - . 8 - l. 7 - 3 . 8 6.75 2. 1 1.3 2.3 .9 .6 - 2.1 
.so -9.6 - 12 . 8 - 1S.O -18.6 - 21 . 3 -17.8 
b l. 75 - 8.6 - 9.7 - 12.3 -14.5 - 17.2 - 1S.3 
3.00 -S.O - 7.9 - 8.1 - 10 . 7 - 12.0 -10 . 8 
2" 4.2S - 3.7 - 4 . 5 - 5.8 - 4.7 - 6 . 2 - S . 8 
gauge 5.50 - 2.6 - 2.9 - 2.6 - 3.6 - 2.6 - 4.S 
6.75 - .9 - l. 2 .4 
-
.2 - 1.5 - 5.3 
.50 -9.9 -13.S -16.7 -19.8 -23.3 -22.1 
c l. 7S - 8.4 -12.2 -14.5 - 16.4 -19 . 3 - 17.7 
3.00 -5.0 
- 8.1 - 9.5 -10.2 - 12.6 - 10.9 
2" 4.25 - 4.2 - 5.5 - 6.9 - 6.7 - 6.9 - 8.8 
gauge 5.50 - l.1 
- l. 6 - 2.5 - 3.8 - 4.5 - 3.7 
6.75 - 1.1 - 1.3 
-
.7 
-
.6 
- l.O - 2.7 
.so -8.9 - 14. 0 -16.9 -20 . 1 - 24.1 -2S.2 
d l. 75 - 8 .7 -13.1 - 15.5 -18.9 - 22.7 -22 . 4 
3.00 - 6.0 - 7.4 - ll.2 - ll.4 - 12.9 - 13 . 1 
2" 4.2S - 3.2 - 5.8 - 5.0 - 7 . 2 - 10.9 - 6 . 8 
gauge 5.50 -1.4 - 1.6 - 2.0 - 1.4 - 2.4 - 2.0 
6.75 3.2 4.3 7. 9 12.9 21.7 44.3 
.so - 18.5 -23.9 - 28.0 -37 . 2 - 42.7 -44.0 
e l. 75 - ll.O -15.9 - 19 .1 -24.2 - 29.0 -29.4 
3.00 -10 . 3 -14.9 - 15.S -19 . 7 - 22.3 - 22.5 
2" 4.25 - 6.6 - 8.9 - 9.5 - 9.8 -12.9 - 9.9 
gauge 5.SO - 2.0 - 2.2 - 1.2 .1 .2 10.4 
6.75 - 1.1 - 1.1 - .1 - .9 - 3.2 - 4.0 
.so - 12. 8 - 16.9 - 22.0 -28.2 -34.1 -35.2 
f 1.75 -10.0 - 13.3 -17.1 -22.4 - 25.6 - 27.3 
3.00 - 8.3 - 11.7 - 12.0 - 15 .0 - 19.4 - 17.0 
2" 4.25 - 4 . 3 - 5.5 - 6.0 - 6 . 2 - 7.3 - 4 . 6 
gauge 5 ;50j_- 2.4 - 2.6 - 2.2 - 1.6 - .2 - .4 
.6.75 .5 1.9 9.7 23.9 40.5 69.6 
' 
14.67 
- 14.2 
-12.1 
- 9.1 
- 8;4 
- S.6 
- 3.6 
- 19.1 
- 16.9 
- 13.8 
- 8.4 
- 7.8 
- 7.2 
-2'1.7 
-18.7 
- 12.9 
- 10.4 
- 8.6 
- 6.1' 
. -26.0 
-22.7 
-14.3 
- 6.6 
- 6.7 
78 .4 
-50.9 
-32.1 ' 
-24. 4 
-13.8 
18.6 
- 6.0 
-42. 3 
-31.2 
-20 . 1 
- 2.3 
-10.8 
87 . 0 
Location I 
Row y I 4. 89 
.so! -4.5 
a L7S 1 -3.6 3.00 -1.8 
4" 4.2S - .6 
gauge 
'·"I .. 6.7S 2.0 
.so - 7.8 
b l.7S . -7.2 
3.00 , -4.2 
2" 4.'25 -2.S 
gauge 5.50 ' -1.0 
6. 75 I - • 2 
.so -8.8 
. c l. 7S -7.3 
3.00 -6.3 
2" 4.2S -2.9 
gauge s.so -3.2 
6.7S - 1.1 
.so -10.8 
d 1.75 
- 8.7 
3.00 
- S.7 
2" 4.25 - 6.9 
gauge s.so - 1.9 
6.75 1.4 
I 
.50 12.2 
e l. 75 10.0 
3.00 8. 1 
2" 4 . 25 5.6 
gauge 5.50 .6. 
5.75 .2 
.50 13.6 
f l. 75 l-11.6 
3.00 -10.5 
2" 4.25 - 4.7 
gauge 5.50 - 2.6 
6 . 75 3.0 
SEAM SC3 - WEST SP.~ - CONCRETE STRAINS 
(strain x105) 
Shear-kios 
6.53 8.5 9 ./8 ll:-41 IT.06 
- 8.0 -8.7 - 10 . 5 - 10.7 SPAN FAILED 
- 6.2 - 6.0 
- 8 . 7 - 7.S 
- S.O -3. 8 - 5.9 - S.5 
- 2.7 -2.2 - 3.6 - 4.S 
- . 6 1.8 
-
.3 
- 1.6 
.1 2.1. 1.1 0 
- ll . 8 - 13.S -16.1 -14.9 
- 10.2 - 12.2 -14.S - 1S . 6 
- 7.6 - 8.8 . -10 . 4 -11.7 
- 3.7 - 3.8 - 4.6 - 7. 2 
- 2.7 - 2. 2 - 1.4 - 4.3 
-
.s 
-
.5 
-
. 4 - 4. 0 
-14.3 - 17.4 - 22.7 - 23.3 
- 9. 8 - 12.7 -15.2 -17.2 
- 7.6 - . 8.9 -13.1 - 13.0 
- 5. 6 - 4.7 - S. 8 - S.8 
- 3.S - 2.S - 2.4 - s.o 
-
.4 L.2 .4 - 4.6 
- 16.9 -18.4 -2S.6 - 29 .0 
-12. 9 - 15.0 - 20.3 - 22.1 
- 9.3 - 9.2 -12 . 6 - 12.8 
- 7.2 
- 8.8 . -10 . ~ -1l. 7 
- 4.3 - 3.5 - S.2 - 6.1 
2.5 s.s 14.3 59.4 
- 17.2 - 21.4 -27.0 -32.7 
-14 . 8 -16.6 - 19.2 -24.9 . 
-10 . 7 - 13.1 -15.9 -17.4 
- 7.6 - 9.4 - 9.2 - 8.7 
-
.. 1.9 5 . 2 18.5 
.1 
-
. 1 - 1.4 - 4.7 
-20.5 -24.9 -31.6 -41.7 
-16 . 8 -19 .6 -25.9 -31.8 
-14 . 3 - 16. 1 -20.2 - 22.9 
I 
- 7.3 - 6.7 - 8.6 
-
.9 
- 2.2 - 4.2 - 3 . 7 - S.3 
- l. 2 3.6 7. 1 7.4 
.., 
<0 
Coned. BEAM SC3 • East Span • Concrete Scrains 
(Strain x105) 
Location She=·kios 
R= y 4.89 6.53 8.15 9.78 11.41 13. 06 14.67 
.50 - 14.8 - 20 . 7 -27.0 -33.6 -41.6 -44.7 - 54. 5 
g l. 75 -13.6 -19 . 7 - 23 . 6 - 28.4 -35.1 -36.5 - 41.0 
3 . 00 - 9.5 - 13.6 - 15 . 4 - 19.0 -21.1 -22.0 -22 . 7 
..2" 4.25 - 5 . 8 - 7.1 - 8.2 - 7.5 - 7.8 - 6.2 - 8.6 
gauge. 5 . 50 - 2.3 - 3.1 
-
. 2 .9 4. 8 I 20.8 43.4 
6.75 - .4 1.5 - 1.0 - 3.5 - 6.3 - 9 . 7 - 10. 5 
.so -19.1 - 25.6 -32.9 - 40 . 0 - 48.7 - 55.6 -68.8 
h 1.75 - 12.6 - 18.9 -25.8 - 29.8 -36 . 7 -39.5 - 46.4 
3.00 -11.2 - 14.6 -17.0 - 19.6 -23 . 0 -21.2 -24. 9 
2" 4.25 - 8. 3 -10.5 - 8 . 6 - 9.7 -10.5 - 6.2 
-
. 4 
gauge 5.50 - 3.3 - 4.0 - .6 - 2.2 - 4 . 4 - 3.3 - ll.S 
6.75 - . 6 - .5 - 2.0 - 3.7 - 5.5 - 9.7 -12.5 
.50 -18.8 - 27.1 -35. 3 - 46.7 -57.6 - 68.8 -81.5 
i l. 75 -14. 7 -21.7 - 28.0 -35.1 -41.9 -49. 0 -58.3 
3.00 - 9.8 - 14. 7 - 17 . 7 - 21.9 -25.2 - 28. 1 -30 . 6 
4" 4.25 - 5.0 - 7.1 - 7.5 - 8.1 - · 6.8 - 6.4 - 2.8 
gauge 5.50 
- 1. 3 - 1.4 3.3 6.6 10.3 19.5 
6.75 3. 0 4.2 15 . 6 22.4 30.4 42.9 51.6 
.50 -21.3 - 31.4 - 43.0 -55.1 - 67.4 -86.7 - 103. 8 
j 1.75 - 15.2 -21.4 - 28.6 -36.5 - 44.3 -53. 8 -63 . 6 
3 . 00 - 10 . 2 -14.1 -16.4 - 21.9 -25.4 -28.2 -31.5 
4" 4.25 - 5 .0 - 5.7 - 4 . 9 - 6.4 - 6.1 ·- 3.6 - 2.5 
gauge 5.50 .5 1.7 6.0 7.4 11.4 16.8 19.3 
-~~4__1_.~ - 17.0 21.1 27.2 36.3 40.6 
Location 
Rov X* 
.5 
1.5 
3.0 
5.0 
BE&'i SC3 • EAST SPAN - OPENING OF DeuEL CRACK NEAREST 
TO THE SUPPORT (x 10S in.) 
Shear-ki s 
4.89 6.53 8.1.:) 9.78 11.41 13 . 0o 1 14.07 
2. 1 27.4 60.5 120.0 170.5 352.0 1596.0 3.5 2.2 9.9 45.0 80.1 192.0 376.0 
-10.4 - 7.4 - 4.0 - 3.0 10.2 60.3 174.0 
- 1.5 - 2.2 0 .I 2.7 15.9 38.4 
* Distance from Lnitiaced crack in inches 
Co:tcd. BEAM SC3 - Wesc Span - Concrete Strains 
(Strain x105) 
Shear-kip Locacion 
R= y 4. 89 6.53 8 . 15 9 .78 ll.4!. !.3.06 __J 
.so - 16. 1 -21.0 - 27.5 -34. 3 -43.0 SP&'l FAIU:D 
g 1.75 -12;9 -17.5 - 21.5 - 25.2 - 31.0 . 
3.00 - 9.9 - 13.0 -15 . 6 - 18.6 - 21.1 
2" 4.25 - 5.8 - 6.2 '- 7.4 - 8.2 - 9.7 
gauge 5 . 50 - 2.8 - 2.8 - 1.7 - .1 • 1.5 'I 
6.75 .6 1.9 6.0 9.3 9.7 
.so . - 19.0 I - 26.7 - 33.7 - 43 . 3 -52.1. 
h 1.75 -14.4 : - 19.2 - 23.3 -29 . 4 . -35.5 
3:oo 
- 10.4 , -14. 6 - 18.0 -20.8 - 22.4 
2" 4.25 - 6.4 - 7. 7 - 7.6 - 8.4 - 8.6 
gauge 5.50 
-4.1 ,-'·, - 1.7 - 2.7 - 2. 8 6.75 .9 1.1 
-
.2 - 1.2 - 4.1 
.50 -19.5 - 27.3 -34.8 -46.3 -56.4 
i 1.75 :-14.2 -19.6 - 25.9 -34.0 -40 . 4 
3.00 - 8 .0 -13.7 - 16.0 -21.1 - 24.1 
4" 4.25 - 5.1 - . 6.5 - 6.7 - 8.3 - 7.4 
gauge 5.50 
-
.2 .5 1.8 5 . 1 u.7 
. 6 . 75 2.6 7.0 13.8 21.0 32.8 
.so - 21.0 -29.8 -40.8 -52.0 -63 .3 
j 1. 75 - 14.9 -20.8 - 27 . 3 - 36.0 -42.5 
3.00 - 9 . 7 -12.7 -16.0 -19 . 7 - 22.9 
4" 4 . 25 - 5.4. - 5.1 - 4·.1 - 5.4 - 4.6 
gauge 5.50 
-
.5 2.4 8.6 10.9 14.3 
6.75 6.3 ll.8 23.2 27.8 33.6 
BEAM SC3 - 'WEST SP.>.N - OFE!UNG OF ' DOWEL CRACK NEAREST 
TO THE SUPPORT (x 10-Sin.) 
Location Shear- kios 
RO"J X* 4.89 6.:>3 8.1.5 9.78 11.41 1.3.oo 
: 
i 
.5 4 . 5 8.4 31.2 85.8 286 .0 SPAN FAILED 
1.5 3 . 7 - .5 4.0 37.5 184. 0 
3. 0 -3.5 - 7.2 - 5.0 2.5 61.0 
5.0 -1.2 -3.0 - 2.0 - 3.2 3 . 0 
* Distance f rom initiated crack in inches w 
... 
0 
BEAM SCY - EA5T SPA!' - OPEN!R: bF FlEXURAL CRACKS 
(x 1051n.) 
LO<;«tiOD Shear-kina 
N* "{ }It 4.89 6.53 8. 15 9.78 11.41 13.06 14.67 
4 12 H 41. 65 113 166 ZZ7 318 430 
v 6 11 51 1.24 203 3n 625 
9.5· H 25 39 75 1.25 171. 225 351 
v 6 1.2 42 85 1.41 285 
-501 
7.0 H 8 1.4 19 35 58 106 176 
v 
- 2 2 9. 25 55 151 324 
3 12 H· 64 1.05 187 252 316 366 414 
., 0 14 34 142 234 412 536 
9.5 H 30 52 91 145 207 . 274 322 
., 9 zz 61 113 184 315 41.8 
2 12 B 91. 164 259 332 405 • 487 571 
v 15 54 1.22 173 231 345 435 
9.5 H 47 ·83 179 237 . 289 372 426 
v 89 13 84 123 175 269 351 
l 12 H 135 209 289 357 435 502 573 
v 5 10 88 137 172 232 259 
9.5 B 77 138 177 249 302 374 416 
7 ' - __ _ .,_, - 21 20 53 64 84 95" 
Displacements Measured by Harlzont«l G«uaec 1n Tension Zone of Beam 
Rov '{ G*' Displacements x 1.051n. 
k 12 4" 3:6 8.4 6.8 2.0 
- 1.2 - 10.8 . - 23.6 
k 9.5 4" 4.8 1.4. 8 20.0 17.2 ·22:4 14.0 21.2 
l 12 4" 28.4 41.6 73.2 116.8 1.62.8 230. 4 ~i;:~ l 1 9.5 4" 42.8 66.8 117.2 1.69.6 233.2 328.0 
.. 12 4" - .4 1.4 - 3.2 -6.6 :..9.4 
-13.2 - 16.2" 
.. 9 . 5 4" 12.6 25.2 4.2 11.2 13.6 45. 4 72.4 
n 12 4" 28.0 48.8 106.0 154.8 207.6 267.2 314.4 
n 9.5 4" 66.0 107.6 191.2 256.0 321.6 372.0 419.6 
0 12 2" 54.8 1.02.8 175.6 225.6 271.6 336. 4 394.0 
0 9.5 2" 92.8 166.4 262.8 336.0 410.8 493.2 575.6 
p 12 4" -4.8 -11.6 
-18.8 -1.8.4 -20.8 -25.6 -27.6 
p 9,5 4" 5.2 4.0 8.4 9.2 11.6 20.8 34.0 
'I 12 4" 77.6 130.4 190.4 234.8 286.4 345.6 391.6 ' 
' 'I 9.5 4"J1.37_.6 2ll.6 292.8 36L2 440.8 507.2 577.2 ----
*' Cr•ck No. ** Gause Lenatb 
+ Horizontal - Vortic&l. C~onant of Mo:lveleent 
BENf SCJ - !lEST SPAI'f - OPE!fnt:: OF l'ILXURAL CRACII:S 
(x tOs1D.) 
Location • She..r-ldps 
N* '{ !·t 4.89 6.53 8.1.5 9.18 U.4 13.06 14.67 
4 12 H 42 63 106 150 293 SP AI' F AlJ.ED 
v 13 22 54 178 352 
I 9.5 H 25 37 66 136 258 
v 10 14 36 90 287 
7.0 B 9 ·14 14 46 145 
., 10 7 11 44 192 
3 u B 75 135 1.95 229 261 
., 10. 66 104 174 220 
9.5 H 36 76 135 1.70 182 
., 13 34 74 ~~ 150 2 12 H 109 177 260 340 ~= ., 32 75 135 206 2 9.5 H 63· 118 178 243 321 
v 20 49 96 148 228 
I. u H 148 2U 298 364 430 493 559 
v 24 . 60 112 146 185 236 
1 9.5 H 87 143 21.2 272 31.3 37l 417 
---. 
., 16. . 
- 29 - .. 50 59 84 1.01. 127 
Displacements Ma<Osured by Horizont:<>l Gauges 1n Tension Zone 
!lov y G*' Dl.s lacement:s x 1.0 ) L.a. 
k 1.2 4" 11. 6 16.0 13.2 10.4 0.8 
k 9.5 4" 1.4.0 15:6 15.6 25.6 20.0 
. l 12 4" 24.8 34.0 59.2 124.8 235.6 
l 9.5 4" 43.6 65.2 109.6 153.6 296.4 
m 12 4" 7.0 4.0 1.8 -6.4 - 7.2 
.. 9.5 4" 7.4 9.2 lL.2 25. 0 35.4 
n 12 4" 34.0 70.8 121.6 149 . 6 1.60.4 
n 9.5 4" 77.2 136.8 199.2 232.8 265.2 
0 12 2" 66.8 lL7.2 174.0 233.6 306.4 
0 9.5 2" 111.2 179.6 263.6 345.6 433.2 
p 1.2 4" -3.6 -14.0 -14.0 -16.0 
-25.2 
p 9.5 4" -3.2 . 6.0 10.8 17.2 19.6 
'I 12 4" 90.8 148.0 2U.6 259.6 302.8 348.0 400.8 
q 9.S 4" 149.6 214.0 300.4 367. 6 434.8 498.0 562.8 
*N Crack No. ..,.. FLg. ** Gauge Lenatb 
t Beam 
... 
N 
APPENDIX II 
Results of Aggregate Interlock Tests 
The shear displacements in the following graphs were 
calculated from measurements made on the top and bottom 
surface of the test specimen . 
The figures in brackets indicate the initial twist 
between the t wo surfaces of the concrete across the crack . 
The magnitude of the displacement induced by this twist is 
expressed as a percentage of the crack width . 
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APPENDIX III 
Load Displacement relationships for dowel action 
All the displacements for short dowel tests have been 
calculated from measurements made on both sides of the test 
specimen. 
The last tabulated load for each test specimen is the 
load which caused failure. 
SHORT DO'.oiEL TESTS - LOAD (lb.) A."'D DISPLACE:l1ENTS {x 105 in. ) 
Mix l 
Df C* side T* side 
a I b a b 
97 tO I -1 2 l. 202 29 2 11 1 
303 45 I 3 23 8 
409 65 I 12 27 9 
527 81 1 9 33 l.S 635 99 12 41 l.S 
741. 112 l 15 so 21 
I 840 131 25 156 86 
867 F+ i I 
Mix l 
97 7 
- 1- U' 202 18 s 11 s 312 34 6 18 6 418 39' s 29 10 527 53 . 8 43 17 635 65 I 13 53 21 735 75 15 72 38 
794 F L__, ---
Mix ? 
-97 20 4 2 0 
202 37 s lS 1 
306 97 10 26 6 
360 185 9 47 14 
409 295 1.2 60 3 
471 F 
* Tension side Compression side 
+ F = Failure load 
Mix l 
Df c side T 
a b . a 
97 ll 5 2 
202 23 7 2 
3U 31 11 7 
418 46 14 17 
527 64 16 29 
635 78 18 46 
741 97 22 69 
830 F 
Mix 2 
97 8 0 7 
2l.S 38 2 2). 
312 68 6 32 
418 l.Sl 8 70 
527 F 
Mix 2 
18 1 1 -3 
97 8 3 2 
202 22 8 5 
312 42 tO 12 
365 48 l2 20 
418 60 13 30 
503 84 13 47 
552 105 15 47 
635 130 17 73 
697 F 
sl..de j 
b I 
0 I I 
5 
5 
9 
14 
19 
36 
5 
7 
12 
24 
.. 
- 3 
1 
0 
1 
0 
0 
9 
9 
21 
Shore Dovel cescs - load (lb.) Displacement.. (x tG5 L'l. ) 
Mix 3 ~ix 3 
Df c side ! side Df c side T siC:e I 
a b a b a b a I :, ! 
18 - 6 -S • 5 2 
202 5 -5 16 14 
314 6 -6 20 18 
18 4 - 3 -4 l } l 
202 10 
- 1 lZ I 3 ! 312 16 2 15 3 
418 7 -S 29 22 
498 12 -5. 34 21 
409 23 4 29 9 I 
465 26 6 41 . 17 I 
630 21 - 4 50 29 
I 753 26 -7 66 33 
840 32 -5 71 38 I 
523 33 4 45 14 I 
613 36 tO 52 : 17 
700 44 12 55 1!1. 
945 32 0 87 40 I 760 47 12 70 i 24 
1056 41 
0 I 99 44 1163 51 2 uo 47 
1271 57 l 1:?4 50 
1341 
deformed bar. i 
835 52 12 79 
' 27 925 56 17 91 ' 32 
1021 62 21 106 41 
1100 69 23 ll5 !.? 
1709 
--~L..... 
plain bar. 
Hix 
18 ~ -,j J lU 198 - 6 17 
314 9 -6 25 17 
418 16 -5 36 19 
527 19 -4 48 25 
635 24 0 56 27 
Mix 4 
18 -1 - 4 
- 1 ! 3 202 ll 0 ll 7 
409 22 0 34 Ill 635 37 2 68 17 
739 45 5 79 18 
741 28 -2 74 32 845 53 6 92 21 
846 31 -1 85 36 I 
952 37 2 97 41 I 
1060 46 5 uo 43 
1166 50 8 125 49 
1280 plain bar 
952 61 T' 24 1060 73 9 126 29 1165 81 13 146 33 1280 
plain bar 
Uc 4 
2~g 4 -~ 4 ~ 6 4 15 l -l 202 8 -2 
312 8 l 21 4 418 20 5 
418 12 4 32 6 635 38 14 
473 22 6 40 7 
635 25 8 51 9 
741 31 9 69 12 
846 34 14 . 82 12 
849 44 i 22 
954 52 1 24 1065 56 33 
1172 62 35 
957 38 14 195 16 1065 55 25 150 u 
1163 
1275 67 1 41 1377 70 46 
1452 
deformed bar. defor:nec bar. 
... 
w 
0 
Shor~ Dowel ~es~s - load (lb.) Displacemen~s (x 105 in.) 
Mix 5 Mix 5 
Df c side T side Df . c side T side-
a b a b a b a b 
18 l l 
- 2 0 18 2 0 l 0 
202 8 7 14 2 202 13 4 9 3 
312 17 10 26 5 312 20 5 16 6 
418 22 10 44 6 418 27 10 . 26 6 
527 28 t7 73 ll 527 34 10 39 10 
635 35 16 98 16 635 44 14 49 9 
740 40 19 127 l3 741 55 17 58 12 
847 47. 23 152 13 850 67 21 73 13 
957 52 28 180 25 957 72 25 87 15 
1065 1055 80 26 110 26 
Mix 5 
18 8 2 2 0 
1162 93 32 142 36 
Jill_ 
202 16 6 18 1 l1ix 6 
312 23 8 25 3 18 -3 . - 6 9 3 
418 32 12 33 3 202 3 -3 23 4 
527 49 23 . 40 
-5 312 12 0 35 6 
635 56 25 47 l 418 12 0 47 10 
741 58 29 71 6 527 19 l 60 9 
849 68 31 99 8 635 30 6 74 13 
957 77 38 123 12 735 35 9 96 13 
1065 79 39 144 15 849 43 11 106. 14 
1172 87 40 162 20 950 53 12 125 19 
1280 1060 56 15 152 21 
ll72 
Mix 6 
·-
18 1 ~ 1 1 202 10 7 2 
312 14 8 20 4 
Mix 6 
18 1~ 2 3 4 202 1 17 7 
41~ 22 11 28 6 
520 30 12 38 4 
312 21 0 30 9 
418 26 -1 50 12 
635 33 13 49 9 530 33 l 78 16 
"741 43 14 59 12 630 38 1 109 19 
840 47 16 72 13 735 46 2 132 19 
950 56 19 89 19 849 
--· -·- --·---1060 65 22 107 15 
U65 69 25 134 31 
1280 
Short Dowel tests- load ( l b.) . 
Mix 7 
Df c side T side 
a b a b 
18 2 2 -3 - 6 
202 22 7 7 0 
312 50 . 8 20 1 
365 72 12 22 0 
418 97 11 26 . 4' 
527 156 15 41 4 
570 185 . 15 56 7 
635 J 
Mix 7 
~~ ) ~ 1~ 1 10 3 
202 27 5 25 5 
312 50 
-5 36 5 
365 66 6 44 7 
418 92 10 55 9 
471 112 8 57 12 
527 140 12 71 14 
570 159 12 79 17 
635 186 15 90 18 
688 205 17 102 19 
741 
-- -- -
Mix 8 -~
18 - 1 -3 3 3 
97 1 -1 9 4 
202 15 1 12 6 
312 38 6 20 ll 
418 66 7 35 13 
471 80 8 42 13 
527 96 17 56 14 
570 113 14 78 21 
634 
Disp1acemen~ (x 105 in.) 
Mix 7 
{ Df c side T side 
a b a b I 18 - 9 -6 4 5 6 -8 ·19 8 ~ll 23 -4 29 12 49 I -3 29 8 418 75 0 38 u 471 109 3 44 15 527 i.JO I 0 52 17 570 155 I -2 59 19 635 204 l 16 26 
688 223 I 7 - -
Mix 8 
~~ ~ - 2 - 2 4 
- 2 3 9 
202 7 2 9 ll 
312 12 5 15 15 
. 418 22 7 23 16 
527 28 7 35 18 
635 37 14 45 22 
740 48 14 79 37 
, 80Q 
Mix 8 
18 . -~ -8 ll 11 
97 17 - 2 18 14 
202 49 -4 27 16 
312 67 -·4 38 23 
418 90 
-4 .. 54 30 
471 102 - l 67 36 
L527. 114 2 73 39 570 133 3 96 53 
635 
w 
w 
Short Dowe l tests - load (lb . ) 
Kix 9 .. __ .,.. .
Df c s i de T s i de 
a b a b 
18 - 1. - 1. 6 2 
97 12 4 14 2 
202 13 4 21 2 
312 17 8 31. 3 
418 31. ll. 39 4 
471 34 13 44 5 
527 35 1.4 52 7 
570 42 1.5 67 9 
630 46 17 86 18 
688 56 22 126 28 
740 
Kix 9 
-
18 - 2 -1 3 -1 
97 5 -2 7 2 
202 8 4 1.5 3 
312 l.l 6 26 1.0 
418 17 ll 38 18 
471 20 11 45 19 
527 26 17 54 25 
570 31 15 62 29 
635 42 1.9 1.15 76 
688 
M X u 
1.8 5 2 -1 0 
97 12 4 2 -1 
202 33 7 12 l. 
312 87 10 25 3 
365 132 12 37 -1 
418 170 16 43 2 
471 204 17 58 3 
520 234 20 79 -4 
570 269 21 124 - 9 
6~ 288 24 155 - 14 68 
Displacements (x l05 in . ) 
Kix 9 
De c side T side 
a b a b 
18 -1 5 - 4 -5 
97 2 6 6 1 
202 9 2 14 0 
312 18 5 23 1 
418 30 7 35 3 
471 42 u 41 5 
527 51 13 46 ll 
570 59 1.6 53 13 
635 68 18 60 17 
688 84 21 70 21 
741 97 22 83 29 
794 1.13 28 105 50 
849 
---
Ml 
18 3 2 -4 g ! 97 12 3 5 
202 22 4 15 3 
312 39 7 23 5 
365 52 8 29 5 
' 418 69 8 34 7 
471 82 9 42 12 
527 97 13 52 18 . 
570 123 15 67 25 
635 146 17 77 30 
688 
Mix 10 
--
18 7 3 - 3 - 2 
97 18 5 1 -2 
202 26 8 8 -4 
312 36 12 . 18 -2 
365 42 12 23 - 2 
418 53 16 25 0 
471 59 17 32 3 
527 67 19 40 9 
570 77 21 55 17 
635 88 24 93 55 
_ j~J~o~ 31 38 100 
------ ---- ----
Shor t Dowel t ests - l oad (lb. ) 
Mix U 
of c side T side 
a b a b 
1.8 -3 -3 0 -2 
97 1.0 
-2 4 4 
202 19 1 13 4 
31.2 35 5 23 8 
365 50 7 30 8 ' 418 65 9 33 8 
471 so 10 41 7 
527 94 15 48 10 
570 111 12 52 9 
630 134 15 61 15 
688 150 1.6 72 19 
741 174 18 88 23 
794 
Mix 11 
18 2 2 2 4 
97 13 6 3 5 
202 20 10 12 12 
312 40 15 20 12 
365 49 16 27 13 
418 57 18 32 18 
471 70 19 37 18 
527 85 25 48 24 
570 99 30 63 29 
635 1.14 30 83 38 
688 
Mix 12 
18 --z- 1 1 - 1 
97 4 4 2 
- 1 
202 6 5 12 5 
312 l3 9 19 7 
365 16 10 21 7 
418 28 ll 24 6 
471 37 15 30 4 
527 49 16 37 6 
570 63 20 54 3 
635 82 22 65 - 4 
688 95 26 80 
-5 l 735 124 30 1.49 - 13 
794 
Displacements (x l05 in.) 
Hix tJ.. 
Df c side T side 
I 
a b a b 
18 0 -2 -2 -1 ' 
97 5 0 4 1 
202 22 2 ~4 5 
312 52 7 24 6 
365 73 6 30 7 
418 99 9 32 10 
471 126 9 39 12 
527 151 12 45 18 
570 182 14 64 23 
635 
V.ix 12 
-- --
--
18 0 1 -6 -3 
97 15 6 
-5 -3 
202 28 ll 0 -2 
312 42 11 8 0 
365 so 12 11 0 
418 58 17 18 3 
471 65 16 21 3 
527 79 18 25 2 
570 91 22 36 4 
635 101 24 41 9 
688 109 22 48 14 
741 121 23 60 22 
794 136 25 73 27 
849 
Mix 12 
18 5 4 2 2 
97 13 3 5 1 
202 29 7 ll l. 
312 61 14 19 4 
365 79 17 23 4 
418 1.08 17 29 2 
471 131. 22 34 3 
527 1.55 22 42 6 
570 1.78 26 55 8 
635 
... 
w 
~ 
Shor~ D~el ~es~s - Load (lb.) 
Mix 13 
of c side T side 
a b a b 
18 4 L -2 -2 
202 lL 1 5 2 
418 23 8 17 6 
527 33 ll 23 5 
635 38 16 31 8 
741 47 18 44 LL 
849 53 20 53 L3 
957 58 24 63 15 
1065 66 26 76 20 
LL72 73 31 84 21. 
1280 78 33 95 23 
1380 87 38 116 27 
1496 
'1ix 13 
1.8 a ~ -~ ~ . 202 15 7 
418 30 6 1.9 6 
635 39 9 37 10 
741 49 14 43 14 
849 56 14 51 17 
957 65 18 57 16 
1.065 73 21 6q 20 
1172 77 23 73 23 
1.280 84 27 98 38 
1386 89 25 LL7 50 
J.4C)Q 
'·ti:< 14 .........
·-1.8 -1. -1 4 7 
97 4 0 8 8 
202 14 3 1.8 9 
312 18 5 24 1.3 
418 30 ll 36 19 
~7 34 13 44 18 5 39 1.6 52 23 
741 52 21. 63 27 
849 56 22 77 33 
' 957 61. 27 '7 51 I 
1.060 70 32 ~ 68 I 1LL9 ~ I 
Displace~en~s (x 105in. ) 
Mix 13 
Df c side T side 
a b a b 
18 -2 - 1 -1 -3 
202 18 7 u · 2 
312 23 7 17 . 7 
418 27 1.0 27 LO 
527 35 lL 40 12 
623 42 14 48 15 
741 so 17 55 17 
849 61 1.9 62 1.9 
957 67 22 71. 22 
1065 77 24 83 26 
1172 87 29 108 44 
1280 
-····-
H;x 14 
·'-··· 
..
18 2 1 -2 -~ 202 LL 5 15 0 
418 27 9 34 5 
527 36 15 43 2 
635 42 18 55 9 
741. so 1.9 67 LL 
849 56 23 79 13 
957 61 24 92 14 
1065 70 25 109 18 
LL72 79 29 130 15 
1280 
Hi:-: 16 ...
18 2 2 g g 97 8 6 
202 13 8 1.0 L 
312 23 12 18 3 
41.8 32 1.4 29 8 
527 42 1.8 36 9 
635 47 21. 45 1.2 
741. 44 20 58 1.9 
849 56 1 27 65 20 
957 S2 27 78 22 l··a .. 1 32 84 35 1172 70 37 1.08 40 1270 77 39 1.29 53 ___1.1_86 -
-
I 
Shor~ D<me1 ~ests - load ( lb,) 
l1ix 15 
Df c side T side -
a b a b ! 
1.8 3 1. 0 2 i 
202 L3 7 8 6 ' 
31.2 21 12 14 5 I 
41.8 30 1.4 24 9 
527 36 16 24 9 ' 
957 70 24 65 21. 
1.065 79 37 78 22 
LL72 87 40 91. 27 
1280 94 45 108 33 
1380 98 48 129 42 
1496 
MiY I 
1.8 7 5 -6 0 
202 19 11 3 -l 
312 21. 9 6 7 
418 27 1.5 18 10 
527 32 18 29 11 
635 38 21 35 1.4 
741 42 24 45 21. 
849 52 28 56 22 
957 58 28 73 27 
. 1065 64 35 81 34 
1172 69 38 98 39 
1230 
Mix 16 
--18 - 5 3 6 3 
97 0 5 6 3 
202 6 1.2 1.7 9 
312 12 15 17 
-7 
418 29 21 38 1.2 
527 36 26 55 16 
635 41 29 71 19 
741 51 36 91 24 
849 59 43 1.20 34 
957 70 50 1.43 ' 44 
1.065 
--- ---- ------
Displacemen~s (x t05in.) 
""' .. . ~ 
.:LL.h L
of C side T side I 
a b a b l 
18 -2 -2 6 3 
97 5 2 9 4 
202 16 7 16 6 
3l2 18 8 31 10 
418 31 13 35 lL 
527 36 . 15 47 14 
635 42 20 51 17 
741. 54 26 78 22 
849 50 27 91. 27 
957 69 30 130 44 
1.055 
v 
18 0 2 -1 -2 
97 7 4 2 0 
202 1.4 7 1.0 4 
312 20 lO 1.6 3 
418 25 14 24 7 
527 38 19 34 10 
635 40 15 56 14 
741 49 20 68 1.9 
849 57 23 88 23 
957 69 28 106 29 
1.065 78 33 149 40 
1172 
Hi:: 1.5 
18 - 1. 3 
-l 5 
97 3 6 8 8 
202 9 6 17 1.2 
312 1.6 8 24 12 
41.8 22 8 38 1.9 
527 30 1.4 49 24 
635 39 1.7 60 29 
741 47 20 71. 34 
849 56 24 84 40 
957 67 35 153 85 
1045 
w 
... 
.., 
Shore Do~el eeses - load (lb.) 
t'.ix 17 
of c side T side 
a b a b 
73 3 0 8 5 
234 i3 7 16 3 
395 34 20 15 - 6 
540 48 26 28 -3 
716 59 30 49 3 
880 7i 34 65 4 
1040 85 38 88 15 
U50 96 43 uo 16 
1250 
Hix l7 
73 8 -2 -3 1 
:234 20 1 10 4 
395 28 4 16 2 
555 41 4 26 8 
716 49 7 41 ll 
800 51 6 51 l3 
880 57 5 55 14 
960 60 8 65 15 
1040 71 ll 76 18 
U23 74 14 87 19 
1203 S2 14 99 26 
1280 
''ix 18 
-·- ·~ 73 7 l -2 ~ 234 15 6 10 
395 35 18 11. 3 
555 44 21 23 8 
716 50 26 39 12 
800 53 27 46 14 
880 62 29 61 26 
960 68 31 75 34 
1040 76 34 86 40 
1123 
Displacemenes ·ex 105 in.) 
Mi.'< 17 
Df c side T s ide 
a b a b 
73 5 - 2 -8 -3 
234 7 - 5 4 7 
395 23 2 18 12 
516 37 6 29 13 
716 46 7 41 19 
800 49 7 43 23 
880 53 10 49 25 
960 62 13 53 28 
1030 65 13 60 32 
· 1123 
Mix 13 
.. 
1~ - 2 - 4 10 2 
234 13 4 l5 2 
395 22 5 36 5 
555 30 7 . 54 9. 
716 39 12 89 15 
800 47 13 106 l7 
880 48 14 124 22 
960 55 14 142 26 
1040 ' 
Shore Dowel eeses - load (lb.) 
Mix 19 
of c sic!e T side 
II b a b 
27 3 2 1 5 
145 7 3 8 5 
303 16 9 31 10 
387 25 ll 44 9 
468 3~ 15 62 19 
548 38 19 83 23 
627 47 22 104 26 
706 so 24 119 3'2 
780 
'lix 19 
- · 
27 9 2 ::> 1 
145 16 4 10 3 
303 25 7 36 ll 
387 3l 8 56 16 
468 38 ll 72 18 
548 41 17 96 26 
627 so 20 122 33 
707 59 27 156 50 
785 
Mix 20 
1~; 4 3 -3 2 15 6 4 4 
Displacenencs (x t05in .) 
Mix i.9 
Df c side T side 1 
a b a b I 
27 3 10 2 s 
145 12 9 9 6 
303 23 12 21 11 
387 25 . 13 31 17 
468 31 17 40 19 
548 37 22 48 23 
627 42 22 62 31 
706 45 28 74 35 
785 55 32 87 43 
855 67 35 11.0 54 
952 
Mix 20 
27 - 2 1 3 1 
145 13 20 14 6 
290 24 11 24 9 
373 32 13 30 14 
454 43 19 41 16 
548 55 23 so 21 
627 63 29 60 27 
707 67 31 74 30 
785 72 36 90 37 
800 
303 29 10 22 7 '1ix 18 I ~n'\ I ?0 I 1n I ?? I 7 I •av ?Q ... 
--387 34 13 34 11 
468 43 17 42 15 
548 50 20 54 19 
627 56 23 61 19 
692 64 26 73 26 
785 75 33 104 39 
ass 
73 8 ~ - 5 - 4 234 17 8 - 6 
395 28 12 19 - 2 
555 38 . 12 35 3 
7L6 so 17 53 s 
800 48 18 50 7 
880 57 21 69 7 
960 61 23 81 11. 
1040 72 26 10 14 
1123 76 29 103 12 
1203 84 31 130 7 
27 3 -1 - J ~ 145 12 2 1 
303 20 8 17 10 
387 30 6 20 12 
468 34 io 30 15 
548 41 12 38 17 
627 50 17 46 20 
706 56 17 65 35 
785 64 24 92 50 
~~-
1270 
-
"' ...
.... 
c 
z 
< m 
:;::; 
(I) 
:) ~ 
m 
o .-
.,.. -00 
" "' > > ~ ~ 
,., 
:;::; 
~ E 
:;::; 
-< 
-
Short Dowel tests - load (lb.) 
Mix' 21 
Df c side T side 1 
a b a b 
18 -5 - 7 0 7 
202 3 -6 16 10 
312 11 -4 33 12 
380 15 -7 48 16 
450 19 
- 8 62 20 
510 20 -7 74 24 
635 31 - 4 105 25 
741 39 -7 125 29 
849 49 -4 149 34 
957 62 0 178 39 
1065 
-·- --
Mix 2 
18 -3 2 5 2 
97 8 0 ll -1 
202 14 4 25 2 
312 24 8 45 5 
418 34 10 66 7 
527 47 14 87 ·u 
635 53 18 112 14 
741 66 18 135 20 
849 76 19 164 29 
957 87 23 190 37 
1065 . 98 25 220 51 
U72 
Displacements (x t05in.) 
Mix 21 
Df c side T side 
a b a b 
18 4 l . 3. 0 . 
97 17 2 23 s 
202 26 9 52 10 
312 36 L3 74 9 
418 47 13 ~5 14 
527 53 17 125 10 
635 66 20 152 16 
. 741 72 20 182 19 
849 85 22 207 25 
957 
·-
LONG DOWEL T~3TS - LOAD (lb.) 
of Move- of Move-
ment ment: 
U2 l 153 8 
262 6 470 24 
388 15 676 35 
. 500 18 848 44 
594 27 1000 54 
700 35 1118 65 
794 45 1220 us 
916 59 1290 184 
1033 76 1270 333 . 
1120 87 1193 638 
1217 99 U76 1032 
1293 108 U60 1367 
1410 '122 1072 2550 
1530 142 
1650 
-1320 646 132 4 
1290 766 235 ll 
r3SO 1060 465 25 
1380 1272 668 43 
1265 1970 874 64 
991 76 
1068 96 
.. 162 3 1148 124 
435 18 1030 438 
730 30 1000 745 
970 42 1070 920 
1123 55 1075 1422 
1265 70 1118 1920 
1352 
- ll77 2800 
1516 463 U90 3880 
1065 625 1140 4850 
1104 825 
1148 1265 
U90 1850 
1236 2370 
1350 3180 
1372 4250 
1200 
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